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C h a p t e r  1  
 
G e n e r a l  i n t r o d u c t i o n  
 
A m i n o  a c i d s  c o n s t i t u t e  p r o t e i n s  a n d  a r e  p r i m a r y  
c o m p o n e n t s  o f  t h e  h u m a n  b o d y.  A t o t a l  o f  2 0  a m i n o  a c i d s  a r e  
n e e d e d  f o r  t h e  s y n t h e s i s  o f  p r o t e i n s ,  o f  w h i c h  9  a r e  n o t  
s y n t h e s i z e d  b y  h u m a n s  a n d  a r e  c a l l e d  e s s e n t i a l  a m i n o  a c i d s  ( 3 1 ) .  
H e n c e ,  i n t a k e  o f  e s s e n t i a l  a m i n o  a c i d s  v i a  c o n s u m p t i o n  o f  
v a r i o u s  f o o d s  i s  n e c e s s a r y.  A m o n g  t h e s e  e s s e n t i a l  a m i n o  a c i d s ,  
l e u c i n e ,  i s o l e u c i n e ,  a n d  v a l i n e  a r e  c o l l e c t i v e l y  r e f e r r e d  t o  a s  
b r a n c h e d - c h a i n  a m i n o  a c i d s  ( B C A A )  o w i n g  t o  t h e i r  b r a n c h e d  
s t r u c t u r e s .  P r i m a r y  s o u r c e s  o f  B C A A a r e  a n i m a l  a n d  p l a n t  
p r o t e i n s .  A n i m a l  p r o t e i n  c o n t a i n s  l e u c i n e  ( 7 – 9 % ) ,  i s o l e u c i n e  ( 3 –
6 % ) ,  a n d  v a l i n e  ( 4 – 6 % )  i n  t h e  a p p r o x i m a t e  r a t i o  o f  2 : 1 : 1  ( 1 8 - 2 0 ,  
2 7 ) .  R e c e n t l y,  B C A A a r e  o b t a i n e d  f r o m  s u p p l e m e n t s  o t h e r  t h a n  
f o o d  i t e m s .  
T h e  b a l a n c e  o f  a m i n o  a c i d s  i n  d i e t  i s  v e r y  i m p o r t a n t .  I t  i s  
w e l l  k n o w n  t h a t  a d d i t i o n  o f  o n e  o r  s o m e  a m i n o  a c i d s  t o  a  l o w  
p r o t e i n  d i e t  c o u l d  c a u s e  g r o w t h  r e t a r d a t i o n  i n  e x p e r i m e n t a l  
a n i m a l s  ( 2 ,  1 3 ,  1 5 ,  2 1 ,  2 3 - 2 5 ) .  A d d i t i o n a l l y,  a d m i n i s t r a t i o n  o f  a n  
e x c e s s  a m o u n t  o f  a m i n o  a c i d  c o u l d  d e c r e a s e  b o d y  w e i g h t ,  d a m a g e  
v a r i o u s  o r g a n s  a n d  t i s s u e s ,  a n d  i n  s o m e  s e r i o u s  c a s e s ,  r e s u l t  i n  
d e a t h  ( 2 ,  2 3 ) .  I n  p a r t i c u l a r ,  t h e  a d d i t i o n  o f  a n  e x c e s s  a m o u n t  o f  
l e u c i n e  c a u s e s  d e c r e a s e d  f o o d  i n t a k e  a n d  g r o w t h  r e t a r d a t i o n  i n  
e x p e r i m e n t a l  a n i m a l s  ( 1 3 ,  2 4 ) .  H o w e v e r ,  t h e  u n d e r l y i n g  
m e c h a n i s m  i s  n o t  y e t  c l e a r .  I n  c h a p t e r  2  a n d  3 ,  I  e x a m i n e d  t h i s  
m e c h a n i s m  t o  g a i n  f u r t h e r  i n s i g h t s .  
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I t  w a s  f o u n d  t h a t  a m i n o  a c i d s  h a v e  v a r i o u s  f u n c t i o n s  i n  
a d d i t i o n  t o  b e i n g  t h e  b u i l d i n g  b l o c k s  o f  p r o t e i n s  ( 3 ,  9 ,  1 2 ,  2 8 ,  
3 0 - 3 2 ) .  N o t a b l y,  l e u c i n e  p r o m o t e s  p r o t e i n  t r a n s l a t i o n  i n  t h e  
f o l l o w i n g  m a n n e r :  l e u c i n e  a c t i v a t e s  p r o t e i n  k i n a s e  m a m m a l i a n  
t a r g e t  o f  r a p a m y c i n  ( m T O R） a n d  i n c r e a s e s  t h e  p h o s p h o r y l a t i o n  
o f  e u k a r y o t i c  i n i t i a t i o n  f a c t o r  4 E - b i n d i n g  p r o t e i n  ( 4 E B P )  ( 3 ,  3 3 ) .  
H o w e v e r ,  t h e  m e c h a n i s m  b y  w h i c h  c e l l s  r e c o g n i z e  a n d  r e s p o n d  t o  
l e u c i n e  i s  n o t  c l e a r  ( 1 0 ,  1 6 ,  1 7 ) .  A s  m T O R  i s  r e p o r t e d l y  
a s s o c i a t e d  w i t h  p e r o x i s o m e  p r o l i f e r a t o r - a c t i v a t e d  r e c e p t o r - γ  
c o a c t i v a t o r - 1 α  ( P G C - 1 α )  ( 8 ) ,  I  e x a m i n e d  t h e  p o t e n t i a l  
c o n t r i b u t i o n  o f  P G C - 1 α  i n  l e u c i n e - a c t i v a t e d  m T O R  ( 4 E B P )  
s i g n a l i n g  i n  c h a p t e r  4 .  
A n o t h e r  i m p o r t a n t  r o l e  o f  a m i n o  a c i d s  i s  t h a t  t h e y  a l s o  a c t  
a s  i m p o r t a n t  e n e r g y  s o u r c e s .  M o s t  a m i n o  a c i d s  a r e  m e t a b o l i z e d  
i n  t h e  l i v e r ,  b u t  B C A A a r e  m e t a b o l i z e d  p r i m a r i l y  i n  s k e l e t a l  
m u s c l e s  ( 11 ) .  B C A A c o n t r i b u t e  t o  e n e r g y  p r o d u c t i o n  i n  s k e l e t a l  
m u s c l e s  i n  h u m a n  d u r i n g  e x e r c i s e  ( 1 ,  11 ) .  B C A A s u p p l e m e n t a t i o n  
h a s  b e e n  r e p o r t e d  t o  i m p r o v e  e n d u r a n c e  p e r f o r m a n c e  ( 4 - 7 ,  2 2 ) .  
M i c e  t h a t  l a c k e d  t h e  c a p a c i t y  t o  d e g r a d e  B C A A s h o w e d  d e c r e a s e d  
e n d u r a n c e  p e r f o r m a n c e  ( 2 6 ) .  I t  w a s  o b s e r v e d  t h a t  t r a n s g e n i c  m i c e  
o v e r e x p r e s s i n g  P G C - 1 α  i n  s k e l e t a l  m u s c l e s  s h o w e d  i n c r e a s e d  
r u n n i n g  c a p a c i t y  w i t h  c o n c o m i t a n t  u p r e g u l a t e d  e x p r e s s i o n  o f  
b r a n c h e d  c h a i n  a m i n o t r a n s f e r a s e  2  a n d  b r a n c h e d  c h a i n  α - k e t o  
a c i d  d e h y d r o g e n a s e  a n d  d e c r e a s e d  b l o o d  a n d  m u s c l e  B C A A 
c o n c e n t r a t i o n s  ( 1 4 ,  2 9 ) .  H o w e v e r ,  t h e  m e c h a n i s m s  b y  w h i c h  
B C A A i m p r o v e s  e x e r c i s e  p e r f o r m a n c e  r e m a i n  u n c l e a r.  I n  c h a p t e r  
5 ,  I  e x a m i n e d  w h e t h e r  i n c r e a s e d  P G C - 1 α - m e d i a t e d  B C A A 
d e g r a d a t i o n  i s  r e q u i r e d  f o r  e n h a n c e d  e n d u r a n c e  p e r f o r m a n c e  
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a f t e r  B C A A s u p p l e m e n t a t i o n .  
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1 .  A h l b o r g  G ,  F e l i g  P,  H a g e n f e l d t  L ,  H e n d l e r  R ,  Wa h r e n  J .  
S u b s t r a t e  t u r n o v e r  d u r i n g  p r o l o n g e d  e x e r c i s e  i n  m a n .  S p l a n c h n i c  
a n d  l e g  m e t a b o l i s m  o f  g l u c o s e ,  f r e e  f a t t y  a c i d s ,  a n d  a m i n o  a c i d s .  
J  C l i n  I n v e s t  5 3 :  1 0 8 0 - 1 0 9 0 ,  1 9 7 4 .  
2 .  A l a m  S Q ,  B e c k e r  RV,  S t u c k i  W P,  R o g e r s  Q R ,  H a r p e r  A E .  
E f f e c t  o f  t h r e o n i n e  o n  t h e  t o x i c i t y  o f  e x c e s s  t y r o s i n e  a n d  c a t a r a c t  
f o r m a t i o n  i n  t h e  r a t .  J  N u t r  8 9 :  9 1 - 9 6 ,  1 9 6 6 .  
3 .  A n t h o n y  J C ,  R e i t e r  A K ,  A n t h o n y  T G ,  C r o z i e r  S J ,  L a n g  C H ,  
M a c L e a n  D A ,  K i m b a l l  S R ,  J e f f e r s o n  L S .  O r a l l y  a d m i n i s t e r e d  
l e u c i n e  e n h a n c e s  p r o t e i n  s y n t h e s i s  i n  s k e l e t a l  m u s c l e  o f  d i a b e t i c  
r a t s  i n  t h e  a b s e n c e  o f  i n c r e a s e s  i n  4 E B P 1  o r  S 6 K 1  
p h o s p h o r y l a t i o n .  D i a b e t e s  5 1 :  9 2 8 - 9 3 6 ,  2 0 0 2 .  
4 .  B l o m s t r a n d  E ,  H a s s m e n  P,  E k b l o m  B ,  N e w s h o l m e  E A .  
A d m i n i s t r a t i o n  o f  b r a n c h e d - c h a i n  a m i n o  a c i d s  d u r i n g  s u s t a i n e d  
e x e r c i s e - - e f f e c t s  o n  p e r f o r m a n c e  a n d  o n  p l a s m a  c o n c e n t r a t i o n  o f  
s o m e  a m i n o  a c i d s .  E u r  J  A p p l  P h y s i o l  O c c u p  P h y s i o l  6 3 :  8 3 - 8 8 ,  
1 9 9 1 .  
5 .  C a l d e r s  P,  M a t t h y s  D ,  D e r a v e  W,  P a n n i e r  J L .  E f f e c t  o f  
b r a n c h e d - c h a i n  a m i n o  a c i d s  ( B C A A ) ,  g l u c o s e ,  a n d  g l u c o s e  p l u s  
B C A A o n  e n d u r a n c e  p e r f o r m a n c e  i n  r a t s .  M e d  S c i  S p o r t s  E x e rc  
3 1 :  5 8 3 - 5 8 7 ,  1 9 9 9 .  
6 .  C a l d e r s  P,  P a n n i e r  J L ,  M a t t h y s  D M ,  L a c r o i x  E M .  P r e -
e x e r c i s e  b r a n c h e d - c h a i n  a m i n o  a c i d  a d m i n i s t r a t i o n  i n c r e a s e s  
e n d u r a n c e  p e r f o r m a n c e  i n  r a t s .  M e d  S c i  S p o r t s  E x e rc  2 9 :  11 8 2 -
11 8 6 ,  1 9 9 7 .  
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P h y s i o l  9 7 :  6 6 4 - 6 7 2 ,  2 0 0 6 .  
8 .  C u n n i n g h a m  J T,  R o d g e r s  J T,  A r l o w  D H ,  Va z q u e z  F,  M o o t h a  
V K ,  P u i g s e r v e r  P .  m T O R  c o n t r o l s  m i t o c h o n d r i a l  o x i d a t i v e  
f u n c t i o n  t h r o u g h  a  Y Y 1 - P G C - 1 α  t r a n s c r i p t i o n a l  c o m p l e x .  N a t u re  
4 5 0 :  7 3 6 - 7 4 0 ,  2 0 0 7 .  
9 .  D i x o n  G ,  N o l a n  J ,  M c C l e n a g h a n  N ,  F l a t t  P R ,  N e w s h o l m e  P .  
A c o m p a r a t i v e  s t u d y  o f  a m i n o  a c i d  c o n s u m p t i o n  b y  r a t  i s l e t  c e l l s  
a n d  t h e  c l o n a l  b e t a - c e l l  l i n e  B R I N - B D 11  -  t h e  f u n c t i o n a l  
s i g n i f i c a n c e  o f  L - a l a n i n e .  J  E n d o c r i n o l  1 7 9 :  4 4 7 - 4 5 4 ,  2 0 0 3 .  
1 0 .  D o d d  K M ,  Te e  A R .  L e u c i n e  a n d  m T O R C 1 :  a  c o m p l e x  
r e l a t i o n s h i p .  A m  J  P h y s i o l  E n d o c r i n o l  M e t a b  3 0 2 :  E 1 3 2 9 - E 1 3 4 2 ,  
2 0 1 2 .  
11 .  E g a n  B ,  Z i e r a t h  J R .  E x e r c i s e  m e t a b o l i s m  a n d  t h e  m o l e c u l a r  
r e g u l a t i o n  o f  s k e l e t a l  m u s c l e  a d a p t a t i o n .  C e l l  M e t a b  1 7 :  1 6 2 - 1 8 4 ,  
2 0 1 3 .  
1 2 .  G a o  Z ,  Yo u n g  R A ,  L i  G ,  N a j a f i  H ,  B u e t t g e r  C ,  S u k u m v a n i c h  
S S ,  Wo n g  R K ,  Wo l f  B A ,  M a t s c h i n s k y  F M .  D i s t i n g u i s h i n g  
f e a t u r e s  o f  l e u c i n e  a n d  α - k e t o i s o c a p r o a t e  s e n s i n g  i n  p a n c r e a t i c  
β - c e l l s .  E n d o c r i n o l o g y  1 4 4 :  1 9 4 9 - 1 9 5 7 ,  2 0 0 3 .  
1 3 .  H a r p e r  A E ,  M i l l e r  R H ,  B l o c k  K P .  B r a n c h e d - c h a i n  a m i n o  
a c i d  m e t a b o l i s m .  A n n u  R e v  N u t r  4 :  4 0 9 - 4 5 4 ,  1 9 8 4 .  
1 4 .  H a t a z a w a  Y,  Ta d a i s h i  M ,  N a g a i k e  Y,  M o r i t a  A ,  O g a w a  Y,  
E z a k i  O ,  Ta k a i - I g a r a s h i  T,  K i t a u r a  Y,  S h i m o m u r a  Y,  K a m e i  Y,  
M i u r a  S .  P G C - 1 α - m e d i a t e d  b r a n c h e d - c h a i n  a m i n o  a c i d  
m e t a b o l i s m  i n  t h e  s k e l e t a l  m u s c l e .  P L o S  O n e  9 :  e 9 1 0 0 6 ,  2 0 1 4 .  
1 5 .  H e n d e r s o n  L M ,  K o e p p e  O J ,  Z i m m e r m a n  H H .  N i a c i n -
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1 7 .  K i m  E .  M e c h a n i s m s  o f  a m i n o  a c i d  s e n s i n g  i n  m T O R  s i g n a l i n g  
p a t h w a y.  N u t r  R e s  P r a c t  3 :  6 4 - 7 1 ,  2 0 0 9 .  
1 8 .  K o h l m e i e r  M .  I s o l e u c i n e .  I n :  N u t r i e n t  M e t a b o l i s m ,  e d i t e d  b y  
K o h l m e i e r  M .  L o n d o n :  A c a d e m i c  P r e s s ,  3 7 7 - 3 8 3 ,  2 0 0 3 .  
1 9 .  K o h l m e i e r  M .  L e u c i n e .  I n :  N u t r i e n t  M e t a b o l i s m ,  e d i t e d  b y  
K o h l m e i e r  M .  L o n d o n :  A c a d e m i c  P r e s s ,  3 6 3 - 3 7 0 ,  2 0 0 3 .  
2 0 .  K o h l m e i e r  M .  Va l i n e .  I n :  N u t r i e n t  M e t a b o l i s m ,  e d i t e d  b y  
K o h l m e i e r  M .  L o n d o n :  A c a d e m i c  P r e s s ,  3 7 0 - 3 7 7 ,  2 0 0 3 .  
2 1 .  K u m t a  U S ,  E l i a s  L G ,  H a r p e r  A E .  A m i n o  a c i d  b a l a n c e  a n d  
i m b a l a n c e :  V I .  G r o w t h  d e p r e s s i o n s  f r o m  a d d i t i o n s  o f  a m i n o  a c i d s  
t o  d i e t s  l o w  i n  f i b r i n .  J  N u t r  7 3 :  2 2 9 - 2 3 5 ,  1 9 6 1 .  
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a c i d  s u p p l e m e n t s  o n  t h e  t o x i c i t y  o f  e x c e s s  t y r o s i n e  i n  r a t s .  J  N u t r  
S c i  Vi t a m i n o l  ( To k y o )  2 2 :  3 9 7 - 4 0 3 ,  1 9 7 6 .  
2 4 .  R o g e r s  Q R ,  Ta n n o u s  R I ,  H a r p e r  A E .  E f f e c t s  o f  e x c e s s  
l e u c i n e  o n  g r o w t h  a n d  f o o d  s e l e c t i o n .  J  N u t r  9 1 :  5 6 1 - 5 7 2 ,  1 9 6 7 .  
2 5 .  S a u b e r l i c h  H E .  S t u d i e s  o n  t h e  t o x i c i t y  a n d  a n t a g o n i s m  o f  
a m i n o  a c i d s  f o r  w e a n l i n g  r a t s .  J  N u t r  7 5 :  6 1 - 7 2 ,  1 9 6 1 .  
2 6 .  S h e  P,  Z h o u  Y,  Z h a n g  Z ,  G r i f f i n  K ,  G o w d a  K ,  Ly n c h  C J .  
D i s r u p t i o n  o f  B C A A m e t a b o l i s m  i n  m i c e  i m p a i r s  e x e r c i s e  
m e t a b o l i s m  a n d  e n d u r a n c e .  J  A p p l  P h y s i o l  1 0 8 :  9 4 1 - 9 4 9 ,  2 0 1 0 .  
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2 7 .  S h i m o m u r a  Y,  M u r a k a m i  T,  N a k a i  N ,  N a g a s a k i  M ,  H a r r i s  
R A .  E x e r c i s e  p r o m o t e s  B C A A c a t a b o l i s m :  e f f e c t s  o f  B C A A 
s u p p l e m e n t a t i o n  o n  s k e l e t a l  m u s c l e  d u r i n g  e x e r c i s e .  J  N u t r  1 3 4 :  
1 5 8 3 s - 1 5 8 7 s ,  2 0 0 4 .  
2 8 .  S u g a w a r a  T,  I t o  Y,  N i s h i z a w a  N ,  N a g a s a w a  T .  R e g u l a t i o n  
o f  m u s c l e  p r o t e i n  d e g r a d a t i o n ,  n o t  s y n t h e s i s ,  b y  d i e t a r y  l e u c i n e  
i n  r a t s  f e d  a  p r o t e i n - d e f i c i e n t  d i e t .  A m i n o  A c i d s  3 7 :  6 0 9 - 6 1 6 ,  
2 0 0 9 .  
2 9 .  Ta d a i s h i  M ,  M i u r a  S ,  K a i  Y,  K a n o  Y,  O i s h i  Y,  E z a k i  O .  
S k e l e t a l  m u s c l e - s p e c i f i c  e x p r e s s i o n  o f  P G C - 1 α - b ,  a n  e x e r c i s e -
r e s p o n s i v e  i s o f o r m ,  i n c r e a s e s  e x e r c i s e  c a p a c i t y  a n d  p e a k  o x y g e n  
u p t a k e .  P L o S  O n e  6 :  e 2 8 2 9 0 ,  2 0 11 .  
3 0 .  W i n d m u e l l e r  H G ,  S p a e t h  A E .  R e s p i r a t o r y  f u e l s  a n d  n i t r o g e n  
m e t a b o l i s m  i n  v i v o  i n  s m a l l  i n t e s t i n e  o f  f e d  r a t s .  Q u a n t i t a t i v e  
i m p o r t a n c e  o f  g l u t a m i n e ,  g l u t a m a t e ,  a n d  a s p a r t a t e .  J  B i o l  C h e m  
2 5 5 :  1 0 7 - 11 2 ,  1 9 8 0 .  
3 1 .  W u  G .  A m i n o  a c i d s :  m e t a b o l i s m ,  f u n c t i o n s ,  a n d  n u t r i t i o n .  
A m i n o  A c i d s  3 7 :  1 - 1 7 ,  2 0 0 9 .  
3 2 .  W u  G .  I n t e s t i n a l  m u c o s a l  a m i n o  a c i d  c a t a b o l i s m .  J  N u t r  1 2 8 :  
1 2 4 9 - 1 2 5 2 ,  1 9 9 8 .  
3 3 .  Yo s h i z a w a  F,  N a g a s a w a  T,  S u g a h a r a  K .  E f f e c t  o f  o r a l l y  
a d m i n i s t e r e d  b r a n c h e d - c h a i n  a m i n o  a c i d s  o n  p r o t e i n  s y n t h e s i s  
a n d  d e g r a d a t i o n  i n  r a t  s k e l e t a l  m u s c l e .  A s i a n  A u s t r a l a s  J  A n i m  




C h a p t e r  2  
 
A s p a r a g i n e  s y n t h e t a s e  a n d  3 - p h o s p h o g l y c e r a t e  d e h y d r o g e n a s e  
d o w n r e g u l a t i o n  i n  r a t  l i v e r  c a u s e d  b y  e x c e s s  l e u c i n e  i n t a k e  
a r e  n o t  a s s o c i a t e d  w i t h  l e u c i n e - c a u s e d  g r o w t h  r e t a r d a t i o n  
 
I n t r o d u c t i o n  
I t  i s  w e l l  k n o w n  t h a t  l e u c i n e  i s  n o t  o n l y  a  c o m p o n e n t  a m i n o  
a c i d  o f  p r o t e i n s ,  b u t  a l s o  a  s i g n a l i n g  m o l e c u l e ,  p r o m o t i n g  
p r o t e i n  s y n t h e s i s  a n d  i n h i b i t i n g  p r o t e i n  d e g r a d a t i o n  ( 2 ,  3 ,  1 9 ,  
3 1 ) .  B e c a u s e  o f  t h e s e  r o l e s ,  l e u c i n e  i s  u s e d  a s  a  s u p p l e m e n t  t o  
a c t i v a t e  m u s c l e  p r o t e i n  s y n t h e s i s .  A l t h o u g h  t h e  s u p p l e m e n t a l  
i n t a k e  o f  a m i n o  a c i d s  i s  c o n s i d e r e d  t o  b e  s a f e ,  t h e  i n t a k e  o f  
i n d i s p e n s a b l e  a m i n o  a c i d s  s u c h  a s  l e u c i n e  o r  m e t h i o n i n e  c a u s e s  
a n o r e x i a ,  g r o w t h  r e t a r d a t i o n  a n d  a  f a t t y  l i v e r  u n d e r  l o w - p r o t e i n  
d i e t a r y  c o n d i t i o n s  i n  a n i m a l  e x p e r i m e n t s  ( 1 2 ,  1 3 ,  2 7 ) .  T h e s e  
p h e n o m e n a  a r e  c a l l e d  a m i n o  a c i d  “ i m b a l a n c e ” ,  i . e . ,  
s u p p l e m e n t a t i o n  o f  a  s i n g l e  i n d i s p e n s a b l e  a m i n o  a c i d  d e c r e a s e s  
t h e  n u t r i t i v e  v a l u e  o f  a  l o w - p r o t e i n  d i e t  r a t h e r  t h a n  i n c r e a s e s  i t  
( 1 5 ,  2 9 ) .  A l t h o u g h  t h e r e  h a v e  b e e n  m a n y  r e p o r t s  c o n c e r n i n g  
a m i n o  a c i d  i m b a l a n c e ,  t h e  m e c h a n i s m  c a u s i n g  i t  i s  n o t  y e t  c l e a r .  
R e c e n t l y,  u s i n g  a n  a n i m a l  m o d e l ,  I  a s s e s s e d  t h e  s a f e  l e v e l  
o f  l e u c i n e  i n t a k e  f r o m  t h e  v i e w p o i n t  o f  g e n e  e x p r e s s i o n  ( 1 8 ) .  
T h e  r e s u l t s  d e m o n s t r a t e d  t h a t  t h e  t o l e r a b l e  u p p e r  i n t a k e  l e v e l  o f  
s u p p l e m e n t a l  l e u c i n e  i s  2 %  o f  t h e  d i e t  o f  r a t s  m a i n t a i n e d  o n  6 %  
c a s e i n  a s  t h e  s o l e  p r o t e i n  s o u r c e .  S u p p l e m e n t a t i o n  o f  l e u c i n e  a t  
o v e r  2 %  o f  t h e  d i e t  r e d u c e d  f o o d  i n t a k e  a n d  b o d y  w e i g h t  g a i n .  
T h e  p a t h w a y  a n a l y s i s  a f t e r  t h e  c D N A m i c r o a r r a y  a n a l y s i s  o f  t h e  
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r a t  l i v e r  s h o w e d  t h a t  l e u c i n e  m o s t  s i g n i f i c a n t l y  a f f e c t e d  t h e  
m e t a b o l i s m  o f  a l a n i n e  a n d  a s p a r t a t e ,  i n  a d d i t i o n  t o  t h e  
m e t a b o l i s m  o f  g l y c i n e ,  s e r i n e  a n d  t h r e o n i n e .  
I t  h a s  b e e n  r e p o r t e d  t h a t  a s p a r a g i n e  s y n t h e t a s e  ( A S ,  E C  
6 . 3 . 1 . 1 )  a n d  3 - p h o s p h o g l y c e r a t e  d e h y d r o g e n a s e  ( P H G D H ,  E C  
1 . 1 . 1 . 9 5 )  a r e  m a r k e d l y  i n d u c e d  i n  t h e  l i v e r  o f  r o d e n t s  t h a t  a r e  
f e d  a  l o w - p r o t e i n  d i e t  ( 1 4 ,  1 6 ) .  
T h e  m a m m a l i a n  A S  i s  t h e  o n l y  e n z y m e  t h a t  c a t a l y z e s  
a s p a r a g i n e  s y n t h e s i s  a n d  c o n v e r t s  a s p a r t a t e  a n d  g l u t a m i n e  t o  
a s p a r a g i n e  a n d  g l u t a m a t e ,  r e s p e c t i v e l y,  i n  a n  AT P - d e p e n d e n t  
m a n n e r  ( 4 ,  5 ) .  T h e  r e q u i r e d  a m o u n t  o f  a s p a r a g i n e  i s  u s u a l l y  
s u f f i c i e n t l y  p r o v i d e d  b y  b i o s y n t h e s i s ;  h e n c e ,  a s p a r a g i n e  i s  
c o n s i d e r e d  t o  b e  a  d i s p e n s a b l e  a m i n o  a c i d .  H o w e v e r ,  w e a n e d  r a t s  
t h a t  w e r e  f e d  a n  a s p a r a g i n e - d e p r i v e d  d i e t  s h o w e d  g r o w t h  
r e t a r d a t i o n .  T h i s  g r o w t h  r e t a r d a t i o n  r e c o v e r e d  w i t h i n  s e v e r a l  
d a y s  a f t e r  a s p a r a g i n e  d e p r i v a t i o n ,  p r o b a b l y  b e c a u s e  o f  t h e  
i n d u c t i o n  o f  A S  i n  t h e  l i v e r  ( 2 6 ) .  I t  h a s  a l s o  b e e n  r e p o r t e d  t h a t  
w h e n  c e l l s  l a c k i n g  a  f u n c t i o n a l  A S  a r e  e x p o s e d  t o  a s p a r a g i n a s e  
( E C  3 . 5 . 1 . 1 ) ,  t h e y  u n d e r g o  c e l l  c y c l e  a r r e s t  i n  G 1 ,  a n d  i n  s o m e  
c a s e s  s u c h  a s  a c u t e  l y m p h a t i c  l e u k e m i a  ( A L L ) ,  d i e  b y  a p o p t o s i s  
( 2 8 ) .  T h u s ,  a s p a r a g i n a s e  h a s  b e e n  u s e d  a s  a  t h e r a p e u t i c  d r u g  
a g a i n s t  A L L ( 2 5 ) .  T h e s e  s t u d i e s  i n d i c a t e  t h a t  d e  n o v o  s y n t h e s i s  
o f  a s p a r a g i n e  b y  A S  i s  e s s e n t i a l  f o r  s u r v i v a l  w h e n  t h e  
a v a i l a b i l i t y  o f  a s p a r a g i n e  i s  i n s u f f i c i e n t  t o  f u l f i l l  c e l l u l a r  
m e t a b o l i c  d e m a n d s .  
A l t h o u g h  t h e r e  a r e  t w o  w a y s  t o  s y n t h e s i z e  s e r i n e  -  t h e  
p h o s p h o r y l a t i o n  p a t h w a y  a n d  t h e  c o m b i n e d  a c t i o n  o f  t h e  g l y c i n e  
c l e a v a g e  s y s t e m  a n d  s e r i n e  h y d r o x y m e t h y l t r a n s f e r a s e  -  i t  i s  
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p r i m a r i l y  s y n t h e s i z e d  b y  t h e  p h o s p h o r y l a t i o n  p a t h w a y.  I n  t h e  
f i r s t  s t e p  o f  t h e  p h o s p h o r y l a t i o n  p a t h w a y,  3 - p h o s p h o g l y c e r a t e  
d e r i v e d  f r o m  g l y c o l y s i s  i s  m e t a b o l i z e d  i n t o  
p h o s p h o h y d r o x y p y r u v a t e  b y  P H G D H ,  a  r a t e - l i m i t i n g  e n z y m e .  
Yo s h i d a  e t  a l .  h a v e  s u c c e s s f u l l y  g e n e r a t e d  P H G D H - k n o c k o u t  
m i c e  a n d  d e m o n s t r a t e d  t h a t  s y s t e m i c  P H G D H - k n o c k o u t  e m b r y o s  
d i e  1 3 . 5  d a y s  p o s t  c o i t u m  ( 3 3 ) ,  w h e r e a s  b r a i n - s p e c i f i c  
P H G D H - k n o c k o u t  m i c e  a r e  v i a b l e  d e s p i t e  m i c r o c e p h a l y  ( 3 2 ) .  
T h e s e  r e s u l t s  c l e a r l y  s h o w e d  t h a t  t h e  s e r i n e  p r o v i d e d  f r o m  t h e  
m o t h e r  d i d  n o t  s a t i s f y  t h e i r  r e q u i r e m e n t  a n d  t h e  f e t u s  n e e d s  t h e  
d e  n o v o  s y n t h e s i s  o f  m o s t  o f  t h e  s e r i n e  f o r  t i s s u e  g r o w t h  a n d  
d e v e l o p m e n t .  R e c e n t l y,  s i g n i f i c a n t  u p r e g u l a t i o n  o f  P H G D H  
e x p r e s s i o n  w a s  o b s e r v e d  i n  p r o l i f e r a t i n g ,  d i f f e r e n t i a t i n g  a n d  
n e o p l a s t i c  t i s s u e s  ( 2 1 ,  2 4 ) .  T h u s ,  t h e s e  r e s u l t s  s u g g e s t  t h a t  t h e  
e x p r e s s i o n  o f  P H G D H  i s  c r i t i c a l  f o r  s e r i n e  d e  n o v o  s y n t h e s i s  t o  
f u l f i l l  t h e  c e l l u l a r  r e q u i r e m e n t  o f  s e r i n e  f o r  g r o w t h  a n d  
d i f f e r e n t i a t i o n .  
I n  c o n t r a s t  t o  a  l o w - p r o t e i n  d i e t ,  a  h i g h - p r o t e i n  d i e t  
i n d u c e s  s e r i n e  d e h y d r a t a s e  ( S D H ,  E C  4 . 2 . 1 . 1 3 ) .  S D H  i s  
e x p r e s s e d  s p e c i f i c a l l y  i n  t h e  l i v e r  a n d  k i d n e y s ,  a n d  c a t a l y z e s  
s e r i n e  a n d  t h r e o n i n e  t o  p r o d u c e  p y r u v a t e  a n d  α - k e t o b u t y r a t e ,  
r e s p e c t i v e l y.  I t  h a s  b e e n  r e p o r t e d  t h a t  S D H  i n  t h e  l i v e r  p l a y s  a n  
i m p o r t a n t  r o l e  i n  s e r i n e  c a t a b o l i s m  a n d  c o n t r i b u t e s  t o  9 0 %  o f  
s e r i n e  d e g r a d a t i o n  ( 3 0 ) .  C o m p a r i n g  g r o w i n g  r a t s  w i t h  m a t u r e  
r a t s ,  I w a m i ’s  g r o u p  h a s  d e m o n s t r a t e d  t h a t  S D H  e x p r e s s i o n  i n  t h e  
l i v e r  i s  i n d u c e d  b y  p r o t e i n  i n t a k e  b e y o n d  t h e i r  p r o t e i n  
r e q u i r e m e n t  ( 1 7 ,  2 0 ) .  I t  t h u s  s h o w s  t h a t  t h e  i n d u c t i o n  o f  S D H  i s  
c l o s e l y  r e l a t e d  t o  p r o t e i n  n u t r i t i o n .  Z h o n g  e t  a l .  h a v e  a l s o  
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r e v e a l e d  t h a t  S D H  i s  s t r o n g l y  i n d u c e d  b y  t h e  i n t a k e  o f  l e u c i n e ,  
c o m p a r e d  t o  t h a t  o f  o t h e r  b r a n c h e d - c h a i n  a m i n o  a c i d s  ( B C A A )  
( 3 4 ) ,  s u g g e s t i n g  t h a t  l e u c i n e  c o n t r i b u t e s  t o  t h e  r e g u l a t i o n  o f  
S D H  e x p r e s s i o n .  
M a r k e d  i n d u c t i o n  o f  A S  a n d  P H G D H  i n  t h e  l i v e r  b y  a  
l o w - p r o t e i n  d i e t  a n d  o f  S D H  b y  a  h i g h - p r o t e i n  d i e t  i s  c o n s i d e r e d  
t o  b e  a  v e r y  i m p o r t a n t  a d a p t i v e  m e c h a n i s m  t o  a b n o r m a l  p r o t e i n  
n u t r i t i o n .  I f  l e u c i n e  d i s t u r b s  t h e  e x p r e s s i o n  o f  t h e s e  g e n e s ,  i t  
m a y  a f f e c t  t h e  g r o w t h  o f  a n i m a l s .  F o r  t h i s  r e a s o n ,  I  e x a m i n e d  A S ,  
P H G D H  a n d  S D H  e x p r e s s i o n  i n  r e l a t i o n  t o  l e u c i n e - i n d u c e d  a m i n o  
a c i d  i m b a l a n c e .  
 
M a t e r i a l s  a n d  M e t h o d s  
A n i m a l s  
M a l e  S p r a g u e - D a w l e y  r a t s  ( 1 0  w e e k s  o l d )  w e r e  p u r c h a s e d  
f r o m  J a p a n  S L C .  ( S h i z u o k a ,  J a p a n ) .  T h e y  w e r e  h o u s e d  
i n d i v i d u a l l y  i n  s t a i n l e s s - s t e e l  c a g e s  i n  a n  a i r - c o n d i t i o n e d  r o o m  
a t  2 3 ° C  ±  1 ˚ C  w i t h  a  1 2 - h  l i g h t / d a r k  c y c l e  ( l i g h t s  o n  f r o m  0 8 : 0 0  
t o  2 0 : 0 0 ) .  R a t s  w e r e  a c c l i m a t e d  f o r  3  o r  4  d a y s  a n d  p r o v i d e d  a d  
l i b i t u m  a c c e s s  t o  w a t e r  a n d  a  2 0 %  c a s e i n  d i e t  b a s e d  o n  A I N - 9 3 G  
( 1 8 ) .  T h e n ,  t h e  r a t s  w e r e  a s s i g n e d  t o  t h e  e x p e r i m e n t a l  g r o u p s  
d e s c r i b e d  b e l o w.  F o o d  i n t a k e  a n d  b o d y  w e i g h t  w e r e  m e a s u r e d  
d a i l y.  G r o w t h  r a t e  w a s  c a l c u l a t e d  b y  d i v i d i n g  i n i t i a l  b o d y  w e i g h t  
i n t o  f i n a l  b o d y  w e i g h t  o f  t h e  e x p e r i m e n t .  T h e  r a n g e  o f  t h e  i n i t i a l  
b o d y  w e i g h t  w a s  2 8 0 - 3 2 0  g .  A l l  e x p e r i m e n t a l  m e t h o d s  w e r e  
a p p r o v e d  b y  t h e  A n i m a l  E x p e r i m e n t  C o m m i t t e e  o f  K y o t o  
P r e f e c t u r a l  U n i v e r s i t y  a n d  T h e  U n i v e r s i t y  o f  To k y o .  A l l  t h e  r a t s  
w e r e  m a n a g e d  i n  l i n e  w i t h  t h e  “ G u i d e l i n e s  f o r  C a r e  a n d  U s e  o f  
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L a b o r a t o r y  A n i m a l s ” .  
 
E x p e r i m e n t a l  d e s i g n  
I n  t h i s  s t u d y,  I  u s e d  1 0 - w e e k - o l d  r a t s  i n  w h i c h  t h e  p r o t e i n  
r e q u i r e m e n t s  a r e  f u l f i l l e d  b y  i n g e s t i o n  o f  a  1 0 – 1 2 %  c a s e i n  d i e t  
( 1 7 ,  2 0 ) .  
E x p e r i m e n t  1  R a t s  ( n = 7 2 )  w e r e  d i v i d e d  i n t o  1 2  g r o u p s  a n d  
f e d  a  d i e t  c o n t a i n i n g  6 %  ( l o w ) ,  1 2 %  ( n o r m a l )  o r  4 0 %  ( h i g h )  
c a s e i n  s u p p l e m e n t e d  w i t h  0 ,  2 ,  4  o r  8 %  l e u c i n e  ( k i n d l y  p r o v i d e d  
b y  A j i n o m o t o ,  K a n a g a w a ,  J a p a n )  f o r  1  w e e k .  T h e  c o m p o s i t i o n  o f  
t h e  e x p e r i m e n t a l  d i e t s  i s  d e s c r i b e d  e l s e w h e r e  ( 1 8 ) .  T h e  r a t s  w e r e  
a l l o w e d  f r e e  a c c e s s  t o  f o o d  a n d  w a t e r  d u r i n g  t h e  e x p e r i m e n t a l  
p e r i o d .  
E x p e r i m e n t  2  R a t s  ( n = 7 2 )  w e r e  f e d  a  6 ,  1 2  o r  4 0 %  c a s e i n  
d i e t  f o r  1  w e e k .  F o o d  w a s  g i v e n  a d  l i b i t u m  f r o m  2 0 : 0 0  t o  0 8 : 0 0  
a n d  w a t e r  w a s  a v a i l a b l e  a t  a l l  t i m e s .  E a c h  c a s e i n  d i e t  g r o u p  w a s  
s e p a r a t e d  i n t o  f o u r  g r o u p s  a n d  o r a l l y  a d m i n i s t r a t e d  l e u c i n e  a t  0 ,  
0 . 1 3 ,  0 . 2 5  o r  0 . 5 0  g / m L / 1 0 0  g  b o d y  w e i g h t ,  a t  11 : 0 0  d a i l y.  T h e  
a m o u n t s  o f  a d m i n i s t r a t e d  l e u c i n e  c o r r e s p o n d e d  t o  a  0 ,  2 ,  4 ,  8 %  
l e u c i n e  d i e t  b a s e d  o n  t h e  a s s u m p t i o n  t h a t  t h e  a v e r a g e  i n t a k e  o f  
d i e t  w a s  6  g / 1 0 0  g  b o d y  w e i g h t / d a y.  T h e  a p p r o p r i a t e  a m o u n t  o f  
l e u c i n e  w a s  s u s p e n d e d  i n  0 . 5 %  x a n t h a n e  g u m  ( S a n - E i  G e n  F. F. I ,  
O s a k a ,  J a p a n )  i n  p h o s p h a t e - b u f f e r e d  s a l i n e  ( P B S ) .  
E x p e r i m e n t  3  To  e x a m i n e  t h e  s p e c i f i c i t y  o f  l e u c i n e ,  r a t s  
( n = 2 0 )  w e r e  d i v i d e d  i n t o  f o u r  g r o u p s  a n d  f e d  a  6 %  c a s e i n  d i e t ,  a  
6 %  c a s e i n  d i e t  c o n t a i n i n g  8 %  l e u c i n e ,  o r  a  6 %  c a s e i n  d i e t  
c o n t a i n i n g  8 %  i s o l e u c i n e  o r  7 . 2 %  v a l i n e  ( e q u a l  t o  8 %  l e u c i n e  o n  
a  n i t r o g e n  b a s i s ) .  F o o d  a n d  w a t e r  w e r e  a v a i l a b l e  a t  a l l  t i m e s .  
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S a m p l e  P r e p a r a t i o n  
O n  t h e  f i n a l  d a y,  t h e  d i e t  w a s  r e m o v e d  a t  0 8 : 0 0 .  T h e  r a t s  
w e r e  a n e s t h e t i z e d  b y  i n t r a p e r i t o n e a l  a d m i n i s t r a t i o n  o f  s o d i u m  
p e n t o b a r b i t a l  ( 5 0  m g / k g  b o d y  w e i g h t )  a n d  k i l l e d  b y  
e x s a n g u i n a t i o n  w i t h  t r a n s e c t i o n  o f  t h e  i n f e r i o r  v e n a  c a v a  i n  a  
r a n d o m i z e d  o r d e r  a t  1 2 : 0 0 .  T h e  l i v e r s  w e r e  e x c i s e d ,  r i n s e d  w i t h  
i c e - c o l d  P B S ,  f r o z e n  i n  l i q u i d  n i t r o g e n  a n d  s t o r e d  a t  – 3 0 ˚ C .  
 
Q u a n t i t a t i v e  r e a l - t i m e  RT- P C R  a n a l y s i s  
To t a l  R N A f r o m  t h e  l i v e r  w a s  i s o l a t e d  b y  t h e  a c i d  
g u a n i d i n i u m  i s o t h i o c y a n a t e - p h e n o l - c h l o r o f o r m  m e t h o d  a s  
d e s c r i b e d  e l s e w h e r e  ( 7 ) .  To t a l  R N A ( 1 0  n g )  w a s  u s e d  f o r  t h e  
r e v e r s e  t r a n s c r i p t i o n  r e a c t i o n  u s i n g  t h e  P r i m e S c r i p t T M  RT  
r e a g e n t  K i t  ( Ta k a r a  B i o ,  S i g a ,  J a p a n ) ,  a c c o r d i n g  t o  t h e  
m a n u f a c t u r e r ’s  p r o t o c o l .  Q u a n t i t a t i v e  P C R  w a s  p e r f o r m e d  u s i n g  
S Y B R  P r e m i x  Ta q T M  I I  ( Ta k a r a  B i o ,  S i g a ,  J a p a n )  w i t h  
R o t o r - G e n e  Q  ( Q i a g e n ,  H i l d e n ,  G e r m a n y ) .  T h e  e x p r e s s i o n  l e v e l s  
o f  A S ,  P H G D H ,  S D H  a n d  β - a c t i n  w e r e  m e a s u r e d  i n d i v i d u a l l y.  To  
n o r m a l i z e ,  t h e  r e l a t i v e  e x p r e s s i o n  l e v e l  o f  A S ,  P H G D H  a n d  S D H  
w a s  o b t a i n e d  b y  d i v i d i n g  t h e i r  e x p r e s s i o n  l e v e l s  b y  t h e  
e x p r e s s i o n  l e v e l  o f  β - a c t i n ,  w h i c h  i s  a  h o u s e k e e p i n g  g e n e .  
P r i m e r s  u s e d  f o r  c D N A a m p l i f i c a t i o n :   
A S  F w,  5 ′ -  A C T G C T G T T T T G G C T T C  - 3 ′ ;   
A S  R v,  5 ′ -  T C T C A C C G T C C A C A T T G  - 3 ′ ;  
P H G D H  F w,  5 ′ -  T C T G A A G A A T G C T G G G A C C T  - 3 ′ ;   
P H G D H  R v,  5 ′ -  G C T T A G C G T T C A C C A A G T T C A  - 3 ′ ;  
S D H  F w,  5 ′ -  T C A C C A G T G T T G C C A A G G  - 3 ′ ;   
S D H  R v,  5 ′ -  T C G T C T A C G A A C T T C T C G  - 3 ′  a n d   
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β - a c t i n  F w,  5 ′ -  C T A C A A T G A G C T G C G T G T G G  - 3 ′ ;   
β - a c t i n  R v,  5 ′ -  A T G G C T A C G T A C A T G G C T G G  - 3 ′ .  
P r e - i n c u b a t i o n  w a s  p e r f o r m e d  a t  9 4 °C  ( P H G D H )  o r  a t  9 5 °C  ( A S ,  
S D H  a n d  β - a c t i n ) .  T h e  t h e r m a l  c y c l i n g  c o n d i t i o n s  f o r  A S ,  






We s t e r n  b l o t  
L i v e r  ( 3 0 0  m g )  w a s  h o m o g e n i z e d  i n  a  b u f f e r  c o m p r i s i n g  0 . 1  
M  p o t a s s i u m  h y d r o g e n  p h o s p h a t e ,  0 . 1  M  p o t a s s i u m  
d i h y d r o g e n p h o s p h a t e ,  p H  8 . 0 ,  1  m M  E D TA ,  0 . 1  m M  
[ ( 4 - f o r m y l - 5 - h y d r o x y - 6 - m e t h y l p y r i d i n - 3 - y l )  m e t h o x y ]  
p h o s p h o n i c  a c i d ,  1  m M  ( 2 S , 3 S ) - 1 , 4 - b i s  ( s u l f a n y l )  
b u t a n e - 2 , 3 - d i o l  a n d  0 . 5  m M  p h e n y l m e t h a n e s u l f o n y l  f l u o r i d e  
u s i n g  a  P o l y t r o n  h o m o g e n i z e r.  I n s o l u b l e  m a t e r i a l  w a s  r e m o v e d  
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b y  c e n t r i f u g a t i o n  f o r  3 0  m i n  a t  4 °C  a n d  1 0 , 0 0 0  g ,  a n d  t h e  
s u p e r n a t a n t  w a s  c e n t r i f u g e d  f o r  6 0  m i n  a t  4 °C  a n d  1 0 0 , 0 0 0  g .  T h e  
p r o t e i n  c o n c e n t r a t i o n  w a s  m e a s u r e d  u s i n g  t h e  L o w r y  m e t h o d .  
E q u a l  a m o u n t s  o f  p r o t e i n  w e r e  s e p a r a t e d  b y  S D S - PA G E  a n d  
t r a n s f e r r e d  t o  P V D F  m e m b r a n e s  ( M e r c k  M i l l i p o r e ,  D a r m s t a d t ,  
G e r m a n y ) .  T h e  m e m b r a n e s  w e r e  b l o c k e d  w i t h  5 %  s k i m  m i l k  i n  
P B S  c o n t a i n i n g  0 . 1 %  Tw e e n  2 0  ( b l o c k i n g  b u f f e r )  f o r  1  h  a t  r o o m  
t e m p e r a t u r e .  T h e  m e m b r a n e s  w e r e  r e a c t e d  w i t h  p r i m a r y  
a n t i b o d i e s  ( A S :  E p i t o m i c s ,  C a l i f o r n i a ,  U S A ;  P H G D H :  s u p p l i e d  
b y  F u r u y a  S . ;  S D H :  S i g m a - A l d r i c h ,  M i s s o u r i ,  U S A ;  β - a c t i n :  
I m g e n e x ,  C a l i f o r n i a ,  U S A )  d i l u t e d  1 : 1 , 0 0 0  i n  b l o c k i n g  b u f f e r  
o v e r n i g h t  a t  4 °C  o r  f o r  1  h  a t  r o o m  t e m p e r a t u r e .  T h e  b l o t s  w e r e  
w a s h e d  3 × 1 0  m i n  w i t h  P B S  c o n t a i n i n g  0 . 1 %  Tw e e n  2 0 ,  a n d  t h e n  
i n c u b a t e d  w i t h  s e c o n d a r y  a n t i b o d i e s  ( a n t i - r a b b i t  h o r s e r a d i s h  
p e r o x i d a s e :  Ve c t o r  L a b o r a t o r i e s ,  C a l i f o r n i a ,  U S A )  d i l u t e d  
1 : 1 , 0 0 0  i n  b l o c k i n g  b u f f e r  f o r  1  h  a t  r o o m  t e m p e r a t u r e .  T h e  b l o t  
w a s  w a s h e d  3 × 1 0  m i n  w i t h  P B S  c o n t a i n i n g  0 . 1 %  Tw e e n  2 0 ,  a n d  
t h e n  c h e m i l u m i n e s c e n c e  w a s  d e t e c t e d  w i t h  a n  i m a g e  a n a l y z e r  
( L A S - 1 0 0 0 ,  F u j i  F i l m ,  To k y o ,  J a p a n ) .  
 
S t a t i s t i c a l  a n a l y s i s  
D a t a  w e r e  e x p r e s s e d  a s  m e a n  ±  S D .  D a t a  w e r e  t e s t e d  b y  
t w o - w a y  A N O VA ,  t o  a n a l y z e  t h e  c a s e i n  a n d  l e u c i n e  e f f e c t  ( 8 ) .  
Tu k e y - K r a m e r  t e s t s  f o r  m u l t i p l e  c o m p a r i s o n s  w e r e  p e r f o r m e d  t o  
d e t e r m i n e  t h e  s i g n i f i c a n c e  o f  d i f f e r e n c e s  ( 8 ) .  A d i f f e r e n c e  w a s  
c o n s i d e r e d  s i g n i f i c a n t  a t  P  <  0 . 0 5 .  T h e  a n a l y s i s  w a s  p e r f o r m e d  
b y  J M P 5 . 1 . 2  f o r  M a c i n t o s h  c o m p u t e r s  ( S A S  I n s t i t u t e ,  N o r t h  
C a r o l i n a ,  U S A ) .  
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R e s u l t s  
E f f e c t s  o f  l e u c i n e  a d m i n i s t e r e d  w i t h  d i e t  o r  b y  o r a l  
s u p p l e m e n t a t i o n  b e t w e e n  m e a l s  o n  f o o d  i n t a k e  a n d  g r o w t h  r a t e  o f  
r a t s  ( E x p e r i m e n t s  1  a n d  2 )  
I  e x a m i n e d  t h e  e f f e c t s  o f  v a r y i n g  a m o u n t s  o f  l e u c i n e  g i v e n  
w i t h  t h e  d i e t  o r  o r a l l y  o n  t h e  f o o d  i n t a k e  a n d  g r o w t h  r a t e  o f  r a t s  
m a i n t a i n e d  o n  a  6 ,  1 2  o r  4 0 %  c a s e i n  d i e t .  Tw o - w a y  A N O VA 
r e v e a l e d  a  s i g n i f i c a n t  e f f e c t  o f  l e u c i n e  o n  t h e  f o o d  i n t a k e  a n d  
g r o w t h  r a t e  o f  r a t s  w h e n  i t  w a s  i n c l u d e d  i n  t h e  d i e t  ( Ta b l e  2 ) ,  b u t  
n o t  w h e n  g i v e n  o r a l l y  ( Ta b l e  3 ) .  H o w e v e r ,  t h e r e  w a s  a  s i g n i f i c a n t  
i n t e r a c t i o n  b e t w e e n  c a s e i n  a n d  l e u c i n e  i n  b o t h  t h e  a d m i n i s t r a t i o n  
m e t h o d s ;  t h u s ,  I  p e r f o r m e d  m u l t i p l e  c o m p a r i s o n s  t o  d e t e r m i n e  
t h e  s i g n i f i c a n c e  o f  t h e  d i f f e r e n c e s  ( Ta b l e  2 ,  3 ) .  T h e  r e s u l t s  
s h o w e d  t h a t  l e u c i n e  s u p p l e m e n t a t i o n  i n  t h e  d i e t  s i g n i f i c a n t l y  
d e c r e a s e d  t h e  f o o d  i n t a k e  a n d  g r o w t h  r a t e  i n  a  d o s e - d e p e n d e n t  
m a n n e r  i n  t h e  6 %  c a s e i n  g r o u p s ,  b u t  n o t  i n  t h e  1 2  o r  4 0 %  c a s e i n  
g r o u p s  ( Ta b l e  2 ) .  N a m e l y,  t h e  f o o d  i n t a k e  o f  t h e  r a t s  f e d  a  d i e t  
c o n t a i n i n g  8 %  l e u c i n e  d e c r e a s e d  t o  4 6 %  c o m p a r e d  w i t h  t h a t  o f  
t h e  r a t s  f e d  a  6 %  c a s e i n  d i e t  w i t h o u t  l e u c i n e  a d d i t i o n .  S i m i l a r l y,  
t h e  g r o w t h  r a t e  d e c r e a s e d  t o  0 . 8 9  ±  0 . 0 4  w h e n  g i v e n  a  d i e t  
c o n t a i n i n g  8 %  l e u c i n e  ( Ta b l e  2 ) .  H o w e v e r ,  i n  c o n t r a s t  t o  t h e  d i e t  
c o n t a i n i n g  l e u c i n e ,  t h e r e  w e r e  n o  s i g n i f i c a n t  d i f f e r e n c e s  w i t h i n  
t h e  6 ,  1 2  a n d  4 0 %  c a s e i n  d i e t  g r o u p s  w h e n  l e u c i n e  w a s  
























L e u c i n e  e i t h e r  a d m i n i s t e r e d  w i t h  d i e t  o r  o r a l l y  b e t w e e n  m e a l s  
s i m i l a r l y  a f f e c t e d  t h e  e x p r e s s i o n  o f  A S ,  P H G D H  a n d  S D H  
( E x p e r i m e n t s  1  a n d  2 )  
G e n e  e x p r e s s i o n  m e a s u r e d  b y  q u a n t i t a t i v e  r e a l - t i m e  P C R  
w a s  a n a l y z e d  b y  t h e  t w o - w a y  A N O VA .  T h e  r e s u l t  i n d i c a t e d  t h a t  
b o t h  c a s e i n  a n d  l e u c i n e  a f f e c t e d  t h e  e x p r e s s i o n  o f  A S ,  P H G D H  
a n d  S D H  m R N A .  L e u c i n e  a d m i n i s t e r e d  e i t h e r  w i t h  t h e  d i e t  o r  
o r a l l y  b e t w e e n  m e a l s  d e c r e a s e d  t h e  h i g h  e x p r e s s i o n  o f  A S  a n d  
P H G D H  t h a t  w a s  i n d u c e d  b y  t h e  6 %  c a s e i n  d i e t  i n  a  
d o s e - d e p e n d e n t  m a n n e r.  O n  t h e  o t h e r  h a n d ,  t h e  S D H  e x p r e s s i o n  
w a s  i n d u c e d  b y  t h e  4 0 %  c a s e i n  d i e t ,  a n d  l e u c i n e  i n c r e a s e d  t h e  
S D H  m R N A e x p r e s s i o n  i n  a  d o s e - d e p e n d e n t  m a n n e r  ( F i g .  1 A ,  B ) .  
 
S p e c i f i c  e f f e c t s  o f  l e u c i n e  a m o n g  t h e  B C A A o n  A S ,  P H G D H  a n d  
S D H  g e n e  e x p r e s s i o n  ( E x p e r i m e n t  3 )  
I  f e d  r a t s  w i t h  a  l e u c i n e ,  i s o l e u c i n e  o r  v a l i n e  d i e t ,  
c o n t a i n i n g  t h e  s a m e  a m o u n t  o f  n i t r o g e n .  T h e  e f f e c t  o f  i s o l e u c i n e  
a n d  v a l i n e  w a s  m a r g i n a l  c o m p a r e d  w i t h  t h a t  o f  l e u c i n e  o n  t h e  
f o o d  i n t a k e  a n d  g r o w t h  r a t e  o f  r a t s  ( Ta b l e  4 ) .  L e u c i n e  s u p p r e s s e d  
t h e  f o o d  i n t a k e  t o  5 0 %  c o m p a r e d  w i t h  t h a t  i n  t h e  c o n t r o l ,  a n d  
d e c r e a s e d  t h e  g r o w t h  r a t e  t o  0 . 8 9  ±  0 . 0 5 .  H o w e v e r ,  i s o l e u c i n e  
a n d  v a l i n e  s u p p r e s s e d  t h e  f o o d  i n t a k e  t o  8 0 %  c o m p a r e d  w i t h  t h a t  
i n  t h e  c o n t r o l ,  a n d  t h e  g r o w t h  r a t e  w a s  1 . 0 6  ±  0 . 0 2 .  T h e  d a t a  
i n d i c a t e d  t h a t  a m o n g  t h e  B C A A ,  e x c e s s  l e u c i n e  i n t a k e  s t r o n g l y  
s u p p r e s s e d  f o o d  i n t a k e  a n d  w e i g h t  g a i n .  M o r e o v e r ,  c o m p a r e d  
w i t h  l e u c i n e ,  i s o l e u c i n e  a n d  v a l i n e  h a d  w e a k e r  e f f e c t s  o n  t h e  
e x p r e s s i o n  o f  A S  a n d  P H G D H  m R N A ,  a n d  t h e y  d i d  n o t  i n d u c e  
S D H  m R N A e x p r e s s i o n  ( F i g .  2 A ) .  T h e s e  c h a n g e s  i n  t h e  m R N A 
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l e v e l s  w e r e  a c c o m p a n i e d  b y  s i m i l a r  c h a n g e s  i n  p r o t e i n  l e v e l s  





D i s c u s s i o n  
T h e  f o o d  i n t a k e  a n d  g r o w t h  r a t e  d e c r e a s e d  w i t h  e x c e s s  
l e u c i n e  i n t a k e  i n  t h e  6 %  c a s e i n  d i e t  g r o u p ,  b u t  n o t  i n  t h e  1 2  o r  
4 0 %  c a s e i n  d i e t  g r o u p s  ( Ta b l e  2 ) .  I n  c o n t r a s t ,  o r a l  a d m i n i s t r a t i o n  
o f  l e u c i n e  d i d  n o t  s i g n i f i c a n t l y  c h a n g e  t h e  f o o d  i n t a k e  o r  g r o w t h  
r a t e  ( Ta b l e  3 ) ,  i n d i c a t i n g  t h a t  t h e  e f f e c t s  o f  l e u c i n e  d e p e n d  o n  
t h e  t i m i n g  o f  a d m i n i s t r a t i o n .  O n  t h e  o t h e r  h a n d ,  b o t h  d i e t a r y  
i n t a k e  a n d  o r a l  a d m i n i s t r a t i o n  o f  l e u c i n e  d e c r e a s e d  A S  a n d  
P H G D H  m R N A e x p r e s s i o n  i n  t h e  6 %  c a s e i n  d i e t  a n d  i n c r e a s e d  
S D H  m R N A e x p r e s s i o n  i n  t h e  4 0 %  c a s e i n  d i e t  i n  a  
d o s e - d e p e n d e n t  m a n n e r  ( F i g .  1 A ,  B ) .  T h e  e f f e c t  o f  l e u c i n e  o n  
g e n e  e x p r e s s i o n  a p p e a r s  t o  b e  s p e c i f i c ,  b e c a u s e  i s o l e u c i n e  a n d  
v a l i n e  d i d  n o t  c h a n g e  t h e  e x p r e s s i o n  o f  A S ,  P H G D H  o r  S D H  ( F i g .  
2 ) .  A l t h o u g h  t h e  e x p r e s s i o n  o f  A S  a n d  P H G D H  i n  r a t  l i v e r  i s  
k n o w n  t o  b e  i n d u c e d  b y  a  l o w - p r o t e i n  d i e t  ( 1 4 ,  1 6 ) ,  I  r e v e a l e d  
h e r e  f o r  t h e  f i r s t  t i m e  t h a t  l e u c i n e  d o w n r e g u l a t e s  t h e  e x p r e s s i o n  
o f  A S  a n d  P H G D H  i n  v i v o .  
I  h y p o t h e s i z e d  t h a t  c h a n g e s  i n  A S ,  P H G D H  a n d  S D H  
e x p r e s s i o n  c o n t r i b u t e  t o  g r o w t h  r e t a r d a t i o n  i n  r a t s  d u r i n g  e x c e s s  
l e u c i n e  i n t a k e .  D e c r e a s e d  e x p r e s s i o n  o f  A S  a n d  P H G D H ,  a m i n o  
a c i d  s y n t h e s i s  e n z y m e s ,  a n d  i n c r e a s e d  e x p r e s s i o n  o f  S D H ,  a n  
a m i n o  a c i d  c a t a b o l i c  e n z y m e ,  m a y  c a u s e  a n  a m i n o  a c i d  i m b a l a n c e .  
I n t e r e s t i n g l y,  a l t h o u g h  d i e t a r y  l e u c i n e  i n t a k e  c a u s e d  g r o w t h  
r e t a r d a t i o n  w h i l e  o r a l  a d m i n i s t r a t i o n  d i d  n o t ,  t h e  g e n e  
e x p r e s s i o n  p a t t e r n s  o f  A S ,  P H G D H  a n d  S D H  w e r e  s i m i l a r  i n  b o t h  
c a s e s .  T h i s  s u g g e s t s  t h a t  t h e r e  a r e  n o  c a u s a l  r e l a t i o n s h i p s  
b e t w e e n  A S ,  P H G D H  a n d  S D H  e x p r e s s i o n  a n d  g r o w t h  
r e t a r d a t i o n .  
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I n  r a t s  s h o w i n g  g r o w t h  r e t a r d a t i o n ,  t h e  f o o d  i n t a k e  w a s  
m a r k e d l y  r e d u c e d .  C o t a  e t  a l .  h a v e  r e p o r t e d  t h a t  i n t r a v e n t r i c u l a r  
a d m i n i s t r a t i o n  o f  l e u c i n e  s u p p r e s s e d  f o o d  i n t a k e  t h r o u g h  t h e  
h y p o t h a l a m i c  m a m m a l i a n  t a r g e t  o f  r a p a m y c i n  ( m T O R )  a c t i v a t i o n  
( 9 ) .  T h u s ,  l e u c i n e  m a y  s u p p r e s s  f o o d  i n t a k e  b y  a c t i v a t i o n  o f  t h e  
h y p o t h a l a m i c  m T O R  p a t h w a y.  F r o m  t h i s  p o i n t  o f  v i e w,  g r o w t h  
r e t a r d a t i o n  i s  p r i m a r i l y  m e d i a t e d  t h r o u g h  t h e  s u p p r e s s i o n  o f  
f o o d  i n t a k e .  I n  c o n t r a s t  t o  d i e t a r y  l e u c i n e ,  t h e  o r a l l y  
a d m i n i s t e r e d  l e u c i n e  d i d  n o t  c a u s e  s u p p r e s s i o n  o f  f o o d  i n t a k e ,  
w h i c h  c o u l d  b e  b e c a u s e  o f  t h e  t i m e  o f  l e u c i n e  i n t a k e .  W h e n  r a t s  
w e r e  g i v e n  l e u c i n e  o r a l l y  b e t w e e n  m e a l s ,  t h e  e f f e c t  o f  l e u c i n e  
w a s  a t t e n u a t e d ,  a n d  b y  t h e  n e x t  f e e d i n g  t h e  r a t s  a t e  a  n o r m a l  
a m o u n t .  I n d e e d ,  p l a s m a  l e u c i n e  t r a n s i e n t l y  i n c r e a s e d  a t  3 0  m i n  
a n d  r e t u r n e d  t o  t h e  b a s a l  l e v e l  2  h  a f t e r  o r a l  a d m i n i s t r a t i o n  o f  
B C A A e n r i c h m e n t  ( 1 0 ) .  O n  t h e  o t h e r  h a n d ,  I  d i d  n o t  o b s e r v e  t h e  
d e c r e a s e d  f o o d  i n t a k e  c a u s e d  b y  a n  e x c e s s  a m o u n t  o f  l e u c i n e  
w h e n  t h e  r a t s  w e r e  f e d  a  1 2 %  o r  4 0 %  c a s e i n  d i e t .  N i i j i m a  e t  a l .  
h a v e  r e p o r t e d  t h a t  t h e  s e n s i t i v i t y  o f  l y s i n e  s e n s o r s  i n  t h e  
h e p a t o - p o r t a l  r e g i o n  w a s  1 0 0 - f o l d  h i g h e r  i n  l y s i n e - d e f i c i e n t  r a t s  
t h a n  i n  n o r m a l  r a t s  ( 2 2 ) .  T h u s ,  s e n s i t i v i t y  o f  t h e  a m i n o  a c i d s  
s e n s o r s  m a y  t h e r e f o r e  h a v e  i n c r e a s e d  i n  t h e  r a t s  m a i n t a i n e d  o n  a  
6 %  c a s e i n  d i e t .  
I t  h a s  b e e n  d e m o n s t r a t e d  t h a t  d e  n o v o  s y n t h e s i s  o f  
a s p a r a g i n e  a n d  s e r i n e  w a s  c r i t i c a l  f o r  c e l l u l a r  g r o w t h  a n d  
f u n c t i o n  ( 2 1 ,  2 4 ,  2 8 ,  3 2 ,  3 3 ) .  A S  a n d  P H G D H  a r e  k n o w n  t o  b e  
e x p r e s s e d  i n  s e v e r a l  t i s s u e s  a t  d i f f e r e n t  l e v e l s .  T h i s  s u g g e s t s  
t h a t  t h e  e x p r e s s i o n  o f  t h e s e  e n z y m e s  d e p e n d s  o n  t h e  m e t a b o l i c  
d e m a n d  o f  t h e  t i s s u e s  f o r  a s p a r a g i n e  a n d  s e r i n e .  I f  l e u c i n e  
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c h a n g e s  t h e  e x p r e s s i o n  o f  A S  a n d  P H G D H  i n  r e s p e c t i v e  t i s s u e s ,  
i t  m a y  a f f e c t  t h e i r  p h y s i o l o g i c a l  f u n c t i o n  i n  t h e  t i s s u e s .  F o r  
e x a m p l e ,  a n  a d v e r s e  e f f e c t  o f  l e u c i n e  o n  t h e  i m m u n e  s y s t e m  h a s  
b e e n  r e p o r t e d  ( 11 ) .  T h u s ,  t o  f u r t h e r  u n d e r s t a n d  t h e  e f f e c t s  o f  t h e  
l e u c i n e - i n d u c e d  a m i n o  a c i d  i m b a l a n c e ,  i t  s h o u l d  b e  d e t e r m i n e d  
w h e t h e r  l e u c i n e  a f f e c t s  t h e  e x p r e s s i o n  o f  A S  a n d  P H G D H  i n  
t i s s u e s  o t h e r  t h a n  t h e  l i v e r  i n  r e l a t i o n  t o  t h e  t i s s u e  f u n c t i o n .  
B e c a u s e  t h e  l i v e r  i s  a  d o m i n a n t  o r g a n  f o r  a m i n o  a c i d  
h o m e o s t a s i s ,  i n d u c t i o n  o f  A S  a n d  P H G D H  s e e m s  t o  b e  a n  
a d a p t a t i o n  t o  a m i n o  a c i d  d e f i c i e n c y,  t o  p r o v i d e  a d e q u a t e  
a s p a r a g i n e  a n d  s e r i n e  t o  p e r i p h e r a l  t i s s u e s  t o  f u l f i l l  t h e i r  
m e t a b o l i c  d e m a n d  f o r  m a i n t a i n i n g  c e l l u l a r  f u n c t i o n s  u n d e r  
l o w - p r o t e i n  n u t r i t i o n .  T h e  a m i n o  a c i d  r e s p o n s e  ( A A R )  p a t h w a y,  a  
s i g n a l  t r a n s d u c t i o n  p a t h w a y  a c t i v a t e d  t o  s e n s e  a m i n o  a c i d  
d e f i c i e n c y,  w a s  f o u n d  d u r i n g  t h e  s t u d y  o f  t h e  i n d u c t i o n  
m e c h a n i s m  o f  A S  i n  a  c u l t u r e d  c e l l  l i n e .  T h e  A A R  p a t h w a y  i s  
a c t i v a t e d  b y  a  d e f i c i e n c y  i n  a m i n o  a c i d s ,  p a r t i c u l a r l y  
i n d i s p e n s a b l e  a m i n o  a c i d s ,  a n d  t h e  t r a n s l a t i o n  o f  t h e  d o w n s t r e a m  
a c t i v a t i n g  t r a n s c r i p t i o n  f a c t o r  4  ( AT F 4 )  i s  s t i m u l a t e d  ( 6 ,  2 3 ) .  
AT F 4  b i n d s  t o  a  s p e c i f i c  e l e m e n t  c a l l e d  n u t r i e n t - s e n s i n g  
r e s p o n s e  e l e m e n t - 1  ( N S R E 1 ) ,  w h i c h  e x i s t s  w i t h i n  t h e  A S  
p r o m o t e r ,  a n d  a c t i v a t e s  A S  t r a n s c r i p t i o n .  T h e  A A R  p a t h w a y  i s  
s u p p r e s s e d  b y  a d d i t i o n  o f  a  s i n g l e  i n d i s p e n s a b l e  a m i n o  a c i d  
i n c l u d i n g  l e u c i n e  t o  t h e  c u l t u r e  m e d i u m .  I  d e m o n s t r a t e d  h e r e  t h a t  
t h e  e x p r e s s i o n  o f  A S  w a s  i n c r e a s e d  b y  f e e d i n g  r a t s  a  l o w - p r o t e i n  
d i e t ,  a n d  t h e  i n d u c t i o n  w a s  s u p p r e s s e d  b y  a d m i n i s t r a t i o n  o f  
l e u c i n e ,  s u g g e s t i n g  t h a t  t h e  A A R  p a t h w a y  i s  i n v o l v e d  i n  t h e  
a d a p t i v e  c h a n g e  i n  A S  i n  r e s p o n s e  t o  p r o t e i n  n u t r i t i o n  i n  v i v o .  I t  
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i s  c o n c e i v a b l e  t h a t  t h e  c o n c o m i t a n t  e x p r e s s i o n  o f  P H G D H  a n d  A S  
i s  r e g u l a t e d  t h r o u g h  t h e  A A R  p a t h w a y.  H o w e v e r ,  K a n a m o t o  e t  a l .  
c o u l d  n o t  f i n d  a  p u t a t i v e  N S R E 1  i n  t h e  p r o m o t e r  r e g i o n  o f  
P H G D H  w i t h  a  d a t a  b a s e  s e a r c h  ( d a t a  n o t  p u b l i s h e d ) .  O n  t h e  
o t h e r  h a n d ,  i t  h a s  b e e n  r e p o r t e d  t h a t  P H G D H  e x p r e s s i o n  i n  r a t  
l i v e r  i s  i n d u c e d  b y  i n s u l i n  a n d  s u p p r e s s e d  b y  g l u c o c o r t i c o i d  ( 1 ,  
1 4 ) ,  t h o u g h  t h e r e  w e r e  n o  r e p o r t s  o f  h o r m o n a l  r e g u l a t i o n  o f  A S .  
R e c e n t l y,  t h r e e  s i g n a l  t r a n s d u c t i o n  p a t h w a y s ,  m T O R ,  5 '  
A M P - a c t i v a t e d  p r o t e i n  k i n a s e  a n d  g e n e r a l  c o n t r o l  
n o n d e r e p r e s s i b l e  2  h a v e  b e e n  p r o p o s e d  t o  b e  i n v o l v e d  i n  a m i n o  
a c i d  s e n s i n g  i n  t h e  l i v e r ,  a n d  t o  c o o r d i n a t e l y  r e g u l a t e  t h e  h e p a t i c  
e n e r g y  m e t a b o l i c  p a t h w a y  i n  r e s p o n s e  t o  p r o t e i n  i n t a k e  ( 8 ) .  
A l t h o u g h  I  d i d  n o t  e x a m i n e  t h e  r e g u l a t o r y  m e c h a n i s m s  o f  t h e  
e x p r e s s i o n  o f  A S ,  P H G D H  a n d  S D H  i n  c u r r e n t  s t u d y,  i t  s e e m e d  
t h a t  t h e s e  e n z y m e s  w e r e  c o o r d i n a t e l y  e x p r e s s e d  i n  r e s p o n s e  t o  
p r o t e i n  n u t r i t i o n .  C l a r i f y i n g  t h e  r e g u l a t o r y  m e c h a n i s m  o f  t h e s e  
e n z y m e s ’ e x p r e s s i o n  m a y  p r o v i d e  u s e f u l  i n f o r m a t i o n  f o r  
u n d e r s t a n d i n g  t h e  a m i n o  a c i d - s e n s i n g  m e c h a n i s m  i n  t h e  l i v e r  a n d  
t h e  a d a p t i v e  c h a n g e s  i n  t h e  h e p a t i c  a m i n o  a c i d  m e t a b o l i s m  i n  
r e s p o n s e  t o  p r o t e i n  n u t r i t i o n .  
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8 .  C h o t e c h u a n g  N ,  A z z o u t - M a r n i c h e  D ,  B o s  C ,  C h a u m o n t e t  C ,  
G a u s s e r e s  N ,  St e i l e r  T,  G a u d i c h o n  C ,  To m e  D .  m T O R ,  A M P K ,  
a n d  G C N 2  c o o r d i n a t e  t h e  a d a p t a t i o n  o f  h e p a t i c  e n e r g y  m e t a b o l i c  
p a t h w a y s  i n  r e s p o n s e  t o  p r o t e i n  i n t a k e  i n  t h e  r a t .  A m  J  P h y s i o l  
E n d o c r i n o l  M e t a b  2 9 7 :  E 1 3 1 3 - E 1 3 2 3 ,  2 0 0 9 .  
9 .  C o t a  D ,  P r o u l x  K ,  S m i t h  K A ,  K o z m a  S C ,  T h o m a s  G,  Wo o d s  
S C ,  S e e l e y  R J .  H y p o t h a l a m i c  m T O R  s i g n a l i n g  r e g u l a t e s  f o o d  
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i n t a k e .  S c i e n c e  3 1 2 :  9 2 7 - 9 3 0 ,  2 0 0 6 .  
1 0 .  D ' A n t o n a  G,  R a g n i  M ,  C a r d i l e  A ,  Te d e s c o  L ,  D o s s e n a  M ,  
B r u t t i n i  F,  C a l i a r o  F,  C o r s e t t i  G,  B o t t i n e l l i  R ,  C a r r u b a  M O ,  
Va l e r i o  A ,  N i s o l i  E .  B r a n c h e d - c h a i n  a m i n o  a c i d  s u p p l e m e n t a t i o n  
p r o m o t e s  s u r v i v a l  a n d  s u p p o r t s  c a r d i a c  a n d  s k e l e t a l  m u s c l e  
m i t o c h o n d r i a l  b i o g e n e s i s  i n  m i d d l e - a g e d  m i c e .  C e l l  M e t a b  1 2 :  
3 6 2 - 3 7 2 ,  2 0 1 0 .  
11 .  G a t n a u  R ,  Z i m m e r m a n  D R ,  N i s s e n  S L ,  Wa n n e m u e h l e r  M ,  
E w a n  R C .  E f f e c t s  o f  e x c e s s  d i e t a r y  l e u c i n e  a n d  l e u c i n e  
c a t a b o l i t e s  o n  g r o w t h  a n d  i m m u n e  r e s p o n s e s  i n  w e a n l i n g  p i g s .  J  
A n i m  S c i  7 3 :  1 5 9 - 1 6 5 ,  1 9 9 5 .  
1 2 .  H a r p e r  A E ,  M i l l e r  R H ,  B l o c k  K P .  B r a n c h e d - c h a i n  a m i n o  
a c i d  m e t a b o l i s m .  A n n u  R e v  N u t r  4 :  4 0 9 - 4 5 4 ,  1 9 8 4 .  
1 3 .  H a r p e r  A E ,  M o n s o n  W J ,  B e n t o n  D A ,  W i n j e  M E ,  E l v e h j e m  
C A .  F a c t o r s  o t h e r  t h a n  c h o l i n e  w h i c h  a f f e c t  t h e  d e p o s i t i o n  o f  
l i v e r  f a t .  J  B i o l  C h e m  2 0 6 :  1 5 1 - 1 5 8 ,  1 9 5 4 .  
1 4 .  H a y a s h i  S ,  Ta n a k a  T,  N a i t o  J ,  S u d a  M .  D i e t a r y  a n d  
h o r m o n a l  r e g u l a t i o n  o f  s e r i n e  s y n t h e s i s  i n  t h e  r a t .  J  B i o c h e m  7 7 :  
2 0 7 - 2 1 9 ,  1 9 7 5 .  
1 5 .  H e n d e r s o n  L M ,  K o e p p e  O J ,  Z i m m e r m a n  H H .  
N i a c i n - t r y p t o p h a n  d e f i c i e n c y  r e s u l t i n g  f r o m  a m o n o  a c i d  
i m b a l a n c e  i n  n o n - c a s e i n  d i e t s .  J  B i o l  C h e m  2 0 1 :  6 9 7 - 7 0 6 ,  1 9 5 3 .  
1 6 .  H o n g o  S ,  M a t s u m o t o  T,  S u z u k i  I ,  S a t o  T .  E f f e c t  o f  d i e t a r y  
p r o t e i n  c o n t e n t  o n  t h e  a c t i v i t y  o f  r a t  l i v e r  a s p a r a g i n e  s y n t h e t a s e .  
J  B i o c h e m  8 6 :  3 8 5 - 3 9 0 ,  1 9 7 9 .  
1 7 .  I m a i  S ,  K a n a m o t o  R ,  Ya g i  I ,  K o t a r u  M ,  S a e k i  T,  I w a m i  K .  
R e s p o n s e  o f  t h e  i n d u c t i o n  o f  r a t  l i v e r  s e r i n e  d e h y d r a t a s e  t o  
c h a n g e s  i n  t h e  d i e t a r y  p r o t e i n  r e q u i r e m e n t .  B i o s c i  B i o t e c h n o l  
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B i o c h e m  6 7 :  3 8 3 - 3 8 7 ,  2 0 0 3 .  
1 8 .  I m a m u r a  W,  Yo s h i m u r a  R ,  Ta k a i  M ,  Ya m a m u r a  J ,  
K a n a m o t o  R ,  K a t o  H .  A d v e r s e  e f f e c t s  o f  e x c e s s i v e  l e u c i n e  
i n t a k e  d e p e n d  o n  d i e t a r y  p r o t e i n  i n t a k e :  a  t r a n s c r i p t o m i c  
a n a l y s i s  t o  i d e n t i f y  u s e f u l  b i o m a r k e r s .  J  N u t r  S c i  Vi t a m i n o l  
( To k y o )  5 9 :  4 5 - 5 5 ,  2 0 1 3 .  
1 9 .  K a d o w a k i  M ,  K a n a z a w a  T .  A m i n o  a c i d s  a s  r e g u l a t o r s  o f  
p r o t e o l y s i s .  J  N u t r  1 3 3 :  2 0 5 2 s - 2 0 5 6 s ,  2 0 0 3 .  
2 0 .  K a n a m o t o  R ,  F u j i t a  K ,  K u m a s a k i  M ,  I m a i  S ,  K o t a r u  M ,  
S a e k i  T,  I w a m i  K .  I n v e r s e  c o r r e l a t i o n  b e t w e e n  t h e  n i t r o g e n  
b a l a n c e  a n d  i n d u c t i o n  o f  r a t  l i v e r  s e r i n e  d e h y d r a t a s e  ( S D H )  b y  
d i e t a r y  p r o t e i n .  B i o s c i  B i o t e c h n o l  B i o c h e m  6 8 :  8 8 8 - 8 9 3 ,  2 0 0 4 .  
2 1 .  L o c a s a l e  J W,  G r a s s i a n  A R ,  M e l m a n  T,  Ly s s i o t i s  C A ,  
M a t t a i n i  K R ,  B a s s  A J ,  H e f f r o n  G,  M e t a l l o  C M ,  M u r a n e n  T,  
S h a r f i  H ,  S a s a k i  AT,  A n a s t a s i o u  D ,  M u l l a r k y  E ,  Vo k e s  N I ,  
S a s a k i  M ,  B e r o u k h i m  R ,  St e p h a n o p o u l o s  G,  L i g o n  A H ,  
M e y e r s o n  M ,  R i c h a r d s o n  A L ,  C h i n  L ,  Wa g n e r  G,  A s a r a  J M ,  
B r u g g e  J S ,  C a n t l e y  L C ,  Va n d e r  H e i d e n  M G .  P h o s p h o g l y c e r a t e  
d e h y d r o g e n a s e  d i v e r t s  g l y c o l y t i c  f l u x  a n d  c o n t r i b u t e s  t o  
o n c o g e n e s i s .  N a t  G e n e t  4 3 :  8 6 9 - 8 7 4 ,  2 0 11 .  
2 2 .  N i i j i m a  A ,  To r i i  K ,  U n e y a m a  H .  R o l e  p l a y e d  b y  v a g a l  
c h e m i c a l  s e n s o r s  i n  t h e  h e p a t o - p o r t a l  r e g i o n  a n d  
d u o d e n o - i n t e s t i n a l  c a n a l :  a n  e l e c t r o p h y s i o l o g i c a l  s t u d y.  C h e m  
S e n s e s  3 0  S u p p l  1 :  i 1 7 8 - i 1 7 9 ,  2 0 0 5 .  
2 3 .  P a l i i  S S ,  K a y s  C E ,  D e v a l  C ,  B r u h a t  A ,  F a f o u r n o u x  P,  
K i l b e r g  M S .  S p e c i f i c i t y  o f  a m i n o  a c i d  r e g u l a t e d  g e n e  
e x p r e s s i o n :  a n a l y s i s  o f  g e n e s  s u b j e c t e d  t o  e i t h e r  c o m p l e t e  o r  
s i n g l e  a m i n o  a c i d  d e p r i v a t i o n .  A m i n o  A c i d s  3 7 :  7 9 - 8 8 ,  2 0 0 9 .  
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2 4 .  P o s s e m a t o  R ,  M a r k s  K M ,  S h a u l  Y D ,  P a c o l d  M E ,  K i m  D ,  
B i r s o y  K ,  S e t h u m a d h a v a n  S ,  Wo o  H K ,  J a n g  H G,  J h a  A K ,  C h e n  
W W,  B a r r e t t  F G,  St r a n s k y  N ,  Ts u n  Z Y,  C o w l e y  G S ,  B a r r e t i n a  J ,  
K a l a a n y  N Y,  H s u  P P,  O t t i n a  K ,  C h a n  A M ,  Yu a n  B ,  G a r r a w a y  
L A ,  R o o t  D E ,  M i n o - K e n u d s o n  M ,  B r a c h t e l  E F,  D r i g g e r s  E M ,  
S a b a t i n i  D M .  F u n c t i o n a l  g e n o m i c s  r e v e a l  t h a t  t h e  s e r i n e  
s y n t h e s i s  p a t h w a y  i s  e s s e n t i a l  i n  b r e a s t  c a n c e r .  N a t u re  4 7 6 :  
3 4 6 - 3 5 0 ,  2 0 11 .  
2 5 .  R i c h a r d s  N G,  K i l b e r g  M S .  A s p a r a g i n e  s y n t h e t a s e  
c h e m o t h e r a p y.  A n n u  R e v  B i o c h e m  7 5 :  6 2 9 - 6 5 4 ,  2 0 0 6 .  
2 6 .  R o g e r s  Q R ,  C h e n  D M ,  H a r p e r  A E .  T h e  i m p o r t a n c e  o f  
d i s p e n s a b l e  a m i n o  a c i d s  f o r  m a x i m a l  g r o w t h  i n  t h e  r a t .  P ro c  S o c  
E x p  B i o l  M e d  1 3 4 :  5 1 7 - 5 2 2 ,  1 9 7 0 .  
2 7 .  R o g e r s  Q R ,  Ta n n o u s  R I ,  H a r p e r  A E .  E f f e c t s  o f  e x c e s s  
l e u c i n e  o n  g r o w t h  a n d  f o o d  s e l e c t i o n .  J  N u t r  9 1 :  5 6 1 - 5 7 2 ,  1 9 6 7 .  
2 8 .  St o r y  M D ,  Vo e h r i n g e r  D W,  St e p h e n s  L C ,  M e y n  R E .  
L - a s p a r a g i n a s e  k i l l s  l y m p h o m a  c e l l s  b y  a p o p t o s i s .  C a n c e r  
C h e m o t h e r  P h a r m a c o l  3 2 :  1 2 9 - 1 3 3 ,  1 9 9 3 .  
2 9 .  U .  S .  K u m t a ,  L .  G.  E l i a s ,  H a r p e r  A E .  A m i n o  a c i d  b a l a n c e  
a n d  i m b a l a n c e :  V I .  G r o w t h  d e p r e s s i o n s  f r o m  a d d i t i o n s  o f  a m i n o  
a c i d s  t o  d i e t s  l o w  i n  f i b r i n .  J  N u t r  7 3 :  2 2 9 - 2 3 5 ,  1 9 6 1 .  
3 0 .  X u e  H H ,  F u j i e  M ,  S a k a g u c h i  T,  O d a  T,  O g a w a  H ,  K n e e r  
N M ,  L a r d y  H A ,  I c h i y a m a  A .  F l u x  o f  t h e  L - s e r i n e  m e t a b o l i s m  i n  
r a t  l i v e r.  T h e  p r e d o m i n a n t  c o n t r i b u t i o n  o f  s e r i n e  d e h y d r a t a s e .  J  
B i o l  C h e m  2 7 4 :  1 6 0 2 0 - 1 6 0 2 7 ,  1 9 9 9 .  
3 1 .  Ya m a m o t o  D ,  M a k i  T,  H e r n i n g t y a s  E H ,  I k e s h i t a  N ,  
S h i b a h a r a  H ,  S u g i y a m a  Y,  N a k a n i s h i  S ,  I i d a  K ,  I g u c h i  G,  
Ta k a h a s h i  Y,  K a j i  H ,  C h i h a r a  K ,  O k i m u r a  Y .  B r a n c h e d - c h a i n  
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a m i n o  a c i d s  p r o t e c t  a g a i n s t  d e x a m e t h a s o n e - i n d u c e d  s o l e u s  
m u s c l e  a t r o p h y  i n  r a t s .  M u s c l e  N e r v e  4 1 :  8 1 9 - 8 2 7 ,  2 0 1 0 .  
3 2 .  Ya n g  J H ,  Wa d a  A ,  Yo s h i d a  K ,  M i y o s h i  Y,  S a y a n o  T,  E s a k i  
K ,  K i n o s h i t a  M O ,  To m o n a g a  S ,  A z u m a  N ,  Wa t a n a b e  M ,  
H a m a s e  K ,  Z a i t s u  K ,  M a c h i d a  T,  M e s s i n g  A ,  I t o h a r a  S ,  
H i r a b a y a s h i  Y,  F u r u y a  S .  B r a i n - s p e c i f i c  P h g d h  d e l e t i o n  r e v e a l s  
a  p i v o t a l  r o l e  f o r  L - s e r i n e  b i o s y n t h e s i s  i n  c o n t r o l l i n g  t h e  l e v e l  
o f  D - s e r i n e ,  a n  N - m e t h y l - D - a s p a r t a t e  r e c e p t o r  c o - a g o n i s t ,  i n  
a d u l t  b r a i n .  J  B i o l  C h e m  2 8 5 :  4 1 3 8 0 - 4 1 3 9 0 ,  2 0 1 0 .  
3 3 .  Yo s h i d a  K ,  F u r u y a  S ,  O s u k a  S ,  M i t o m a  J ,  S h i n o d a  Y,  
Wa t a n a b e  M ,  A z u m a  N ,  Ta n a k a  H ,  H a s h i k a w a  T,  I t o h a r a  S ,  
H i r a b a y a s h i  Y .  Ta r g e t e d  d i s r u p t i o n  o f  t h e  m o u s e  
3 - p h o s p h o g l y c e r a t e  d e h y d r o g e n a s e  g e n e  c a u s e s  s e v e r e  
n e u r o d e v e l o p m e n t a l  d e f e c t s  a n d  r e s u l t s  i n  e m b r y o n i c  l e t h a l i t y.  J  
B i o l  C h e m  2 7 9 :  3 5 7 3 - 3 5 7 7 ,  2 0 0 4 .  
3 4 .  Z h o n g  B ,  S a k a i  S ,  S a e k i  T,  K a n a m o t o  R .  E x c e s s  l e u c i n e  
i n t a k e  i n d u c e s  s e r i n e  d e h y d r a t a s e  i n  r a t  l i v e r .  B i o s c i  B i o t e c h n o l  






The Vagotomy Alleviates the Anorectic  Effect of  an Excess Amount of  
Dietary Leucine on Rats Fed a Low-protein Diet  
 
Introduction 
Leucine has been reported to have a role as a signal factor to 
st imulate protein synthesis and inhibit  protein degradation in animal 
muscles.  Leucine is  therefore taken by athletes in a relat ively high 
amount with the expectation of such effects.  However,  i t  is  also well  
known that  leucine has an adverse effect  on experimental  animals.  An 
excess amount  of  leucine fed with a low-protein diet  has reduced the 
food intake and body weight of rats (5,  11).  To evaluate the adverse 
effects of an excessive leucine intake,  I have previously conducted a 
study to identify the gene expression markers reflecting such an 
excessive intake of leucine by using a microarray analysis.  Six genes  
known to be regulators of growth or of the cell  cycle were identified as  
biomarkers  of  the adverse effects of excessive leucine.  The cut-off  value 
for the biomarker  panel indicated that  a  leucine level  of  no more than 2% 
with 6% dietary protein had no adverse effects,  but  a level  higher than 
3% was a potential  hazard.  A leucine level  higher than 3% also showed 
growth retardation and a reduced food intake (6).  However,  the 
mechanism for the anorectic effect  caused by an excess  amount of 
dietary leucine fed with a low protein diet  had not been elucidated.  
The vagal sensory mechanism plays  a crucial  role in the neural  
mechanism for  satiat ion. Afferent  fibers of  the vagal nerve are an 
integral  part  of the brain-gut axis which take part  in feedback loop 
controll ing food intake induced by presence of food (13).  Ohinata et  al .  
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have demonstrated by using a vagotomy that  the orexigenic activity of  
zinc was mediated by the afferent vagal nerve in a zinc-deficient  rat  (10).  
I performed a vagotomy in the present study to examine whether the 
anorectic effect  of an excess amount of leucine was mediated by the 
afferent vagal nerve.  
 
Material  and Methods 
Animals 
Nine-week-old male Sprague-Dawley rats (SLC, Shizuoka, Japan) 
were individually housed under regulated condit ions (23 ± 1˚C  with a 
12-h-l ight/12-h-dark cycle,  l ights on 08.00-20.00).  The rats were 
acclimatized for  3 d and provided ad l ibitum  access to  a  20% casein 
(20C) diet ,  based on the AIN93G diet  described elsewhere (6),  (Table 1) 
and water.  The experiment was approved by the Kyoto Universi ty Ethics  




Experimental  procedures  
A truncal  vagotomy was performed as previously described (10),  
the vagal nerves being cut above the hepatic and celiac branch. The rats 
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(two normal rats wi thout the surgical  operation and three vagotomized 
rats) were fed the 20C diet  unti l  the vagotomized rats had ingested an 
equal amount of  the diet  to that  of the normal rats.  The experiment was 
started to feed all  the rats a 6% casein (6C) diet  at  08.00, the food intake 
and body weight being measured on the following 2 d at  08.00 every 
morning. The rats were next fed the 20C diet  for 4 d.  The diet  was then 
changed to the 6% casein diet  containing 8% leucine (6C + 8L) at  08.00,  
and the food intake and body weight were measured on the following 2 d 
as already described. This feeding regimen was conducted twice (Fig.  
1A).  The vagotomy was assessed by performing a food intake analysis to  
treat  the rat  intraperi toneally with cholecystokinin-octapeptide (CCK8;  
Peptide Insti tute,  Osaka, Japan) at  a dose of 16 μg/kg of body weight,  
since the satiety induced by CCK8 is mediated by the afferent  vagus 
nerve (2,  8).  I confirmed that  the vagotomized rats did not show any 
significant decrease in their food intake by injecting CCK8 (data not  
shown).   
 
Statist ical  analysis  
Results are presented as the mean ± SD. The Tukey-Kramer 
method was used for multiple comparisons to determine significant 
differences,  di fferences being considered significant at  p  < 0.05. The 
analysis was performed by using JMP 5.1.2 for the Macintosh computer 
(SAS Insti tute,  North Carolina,  USA).  
 
Results and Discussion 
Figure 1B shows that  the food intake by the normal  and 
vagotomized rats  did not differ  by feeding either  the 20C or  6C diet .  Two 
days feeding of  the 6C + 8L diet  reduced the food intake of  the normal  
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rats to 40%, whereas only a sl ight decrease of food intake was apparent  





Such gastrointestinal  hormones as CCK, glucagon-like peptide 1 
(GLP-1) and peptide YY (PYY) have been shown to exert  an anorectic  
effect  through the vagus nerve (7,  12,  14),  and the excretion of these 
hormones is  known to be st imulated by protein and amino acids (1,  3).  
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On the other hand, i t  has been reported that  the satiety signal of amino 
acids was mediated by vagal chemical  sensors in the hepato-portal  
region and duodeno-intestinal  canal.  An intraduodenal infusion of a  
large amount of leucine also evoked an excitatory response in the vagal  
celiac afferents (9).  My current observations suggest  that  an excess 
amount of dietary leucine exerted an anorectic effect  through the 
afferent vagus nerve,  at  least  in part .  It  can be speculated that  leucine 
st imulated the excretion of such gastrointestinal  hormones as CCK, 
GLP-1 and PYY, and/or directly acted on the vagal chemical  sensors.  
The direct  effect  of  leucine on the central  nervous system has  
recently been reported.  The central  administrat ion of leucine has  thus  
increased hypothalamic mTOR signaling and decreased the food intake 
and body weight (4) .  Figure 1B also shows that  the reduced food intake 
by an excess amount  of dietary leucine was not completely recovered in 
the vagotomized rat .  It  is  therefore possible that  part  of the anorectic  
effect  of dietary leucine would be to increase the leucine concentration 
in the brain that  activates the mTOR pathway to reduce the food intake.  
However,  I did not  observe the anorectic effect  of an excess 
amount of leucine when the rats  were maintained on a normal or high- 
protein diet  (6) .  Nii j ima et  al .  have reported that  the sensit ivity of lysine 
sensors in the hepato-portal  region was 100-fold higher in  
lysine-deficient  rats than in normal rats (9).  The sensit ivity of the amino 
acids sensors may therefore have increased in the rats maintained on a 
low-protein diet .  
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Phosphorylation of  4EBP by oral  leucine administration was 
suppressed in the skeletal  muscle of  PGC-1α knockout mice 
 
Introduction 
Branched chain amino acids (BCAA) such as valine,  leucine,  and 
isoleucine are essential  amino acids and components of proteins which 
are known to st imulate protein biosynthesis (15).  Among the BCAA, 
leucine is  known to be a signaling molecule that  st imulates protein 
biosynthesis in t issues such as the skeletal  muscle and l iver  (16).  The 
primary regulator of protein biosynthesis is  mammalian target  of  
rapamycin (mTOR), which is  an evolutionally conserved serine/threonine 
kinase (13).  Eukaryotic init iat ion factor 4E-binding protein (4EBP) is  a 
suppressor of protein translation and a substrate for mTOR. The 
phosphorylation of 4EBP by mTOR prevents the suppressor  activity of  
4EBP and, thus,  increases protein biosynthesis (15).  The phosphorylation 
status of 4EBP determines i ts  binding to eukaryotic  translation init iat ion 
factor  4E (eIF4E),  a rate-l imiting component of the eukaryotic translation 
apparatus,  and suppressing protein translation; γ phosphorylation form, 
but not α,  β phosphorylation forms, of  4EBP does not bind to eIF4E, and 
does not inhibit  translation (14).  Further,  i t  has been reported that  the 
oral  administrat ion of leucine in rodents increases the phosphorylation 
of 4EBP (γ form) and st imulates protein synthesis (1,  2).  
Peroxisome proliferator-activated receptor-γ  coactivator-1α (PGC-
1α) is  a co-activator of transcription factors,  including nuclear receptors  
and is  known to increase mitochondrial  biogenesis and mitochondria-rich 
type-I fiber formation in skeletal  muscle (8,  11).  D’Antona et  al .  reported 
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that  the administrat ion of BCAA in aged mice caused an increase in PGC-
1α  levels in their skeletal  muscle (6).  PGC-1α  is  reported to associate 
with mTOR (5) and may play a role in mTOR-mediated protein 
biosynthesis.  However,  the relat ionship between BCAA (part icularly 
leucine),  mTOR, and PGC-1α  has not yet  been investigated.  Thus,  in this 
study,  I examined the role of PGC-1α  in leucine-activated mTOR (4EBP) 
signaling using PGC-1α  knockout (PGC-1α KO) mice in skeletal  muscle.   
 
Material  and Methods 
Genetically modified animals 
To control  the ablation of PGC-1α, I generated a condit ional KO 
version of the PGC-1α gene using the Cre-loxP recombination system. 
Exons 3 to 5 of the PGC-1α gene  were flanked by loxP si tes in the target  
construct  (10).  Mice with the condit ional  al lele of PGC-1α were crossed 
with transgenic mice expressing the Cre recombinase in skeletal  muscle 
driven by the human α-actin promoter  (3).  Homozygous PGC-1α lox 
allele mice were crossed with heterozygous Cre transgenic mice,  and the 
offsprings were used for experiments.  The genotypes of offspring were 
PGC-1α flox/flox with Cre  (PGC-1α KO) and PGC-1α f lox/flox without 
Cre (wildtype, WT).  Mice were maintained in a  12-h l ight/dark cycle at  
24°C and were fed a normal chow diet  ad l ibitum (CRF-1; Oriental  Yeast ,  
Tokyo, Japan).  Mice were cared for in accordance with the National  
Insti tutes of Health Guide for the Care and Use of Laboratory Animals 
and my insti tutional  guidelines.  All  animal experiments were conducted 
with the approval of the Insti tutional  Animal Care and Use Committee of 





Quanti tat ive real-t ime RT-PCR analysis  
Total  RNA was prepared using TRIzol (Life Technologies,  Carlsbad, 
CA, USA). cDNA was synthesized from 500 ng of total  RNA using the 
ReverTra Ace qPCR RT Master  Mix with gDNA Remover (Toyobo, Osaka,  
Japan).  Gene expression levels were measured with ABI PRISM 7000 
using Thunderberd SYBR qPCR Mix (Toyobo, Osaka, Japan) designed to  
detect  cDNAs. The following primers were used:  
PGC-1α Fw, 5 ′- CGGAAATCATATCCAACCAG -3 ′;   
PGC-1α Rv, 5 ′- TGAGGACCGCTAGCAAGTTTG -3 ′  and  
36B4 Fw, 5 ′- GGCCCTGCACTCTCGCTTTC -3 ′;   
36B4 Rv, 5 ′- TGCCAGGACGCGCTTGT -3 ′.  
 
Measurement of ci trate synthase activity 
The enzyme activi ty of ci trate  synthase was measured by 
spectrophotometric  analysis.  The citrate  synthase assay was performed at  
412 nm following the reduction of 5,  5 '-dithiobis (2-nitrobenzoic acid) 
as previously described (12).  
 
Histological  analysis 
The samples of the t ibial is  anterior muscle from WT and PGC-1α 
KO mice at  12 weeks of age were frozen in l iquid nitrogen-cooled 
isopentane,  and t ransverse sections were analyzed by enzyme 
histochemistry to evaluate succinate dehydrogenase activit ies (9).  
 
Western blot  
After fast ing for 24 h,  leucine (1.35 mg/g body weight) or vehicle 
were administered to the experimental  mice.  Thirty minutes later,  the 
samples of skeletal  muscle and l iver were obtained. Western blot  analysis 
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was performed as previously described (7).  The following primary 
antibodies were used: anti-phospho 4EBP (#2855; Cell  Signaling 
Technology Japan,  Tokyo, Japan) and anti-GAPDH (C14C10; Cell 
Signaling Technology Japan, Tokyo, Japan).  Western blot  signals were 
calculated using densitometry (LAS 1000; Fuji  Film, Tokyo, Japan).  
 
Statist ical  analysis  
Data were evaluated by Student’s t-tes t  or one-way analysis of 
variance followed by Tukey’s honestly post-hoc test .  P values below 0.05 
were considered stat ist ically significant.  
 
Results and Discussion 
Fig. 1A shows that  PGC-1α mRNA level was markedly decreased 
in the skeletal  muscle of PGC-1α  KO mice compared with that  of WT 
mice,  but not in the l iver of WT and PGC-1α KO mice .  To assess 
functionali ty of the decreased PGC-1α  mRNA in PGC-1α KO  mice,  I 
examined mitochondrial  marker levels in the skeletal  muscle of the PGC-
1α KO mice,  as PGC-1α  is  a regulator of  mitochondrial  biogenesis.  Fig.  
1B shows that  a decrease in the activity of ci trate synthase,  a  
mitochondrial  enzyme of the TCA cycle (4),  was observed.  The 
histological  staining of succinate dehydrogenase,  another mitochondrial  
enzyme of the TCA cycle,  also showed decreased signal in the transverse 
sections of the skeletal  muscle of PGC-1α KO mice (Fig.  1C).  Thus,  in 
the PGC-1α  KO mice,  mitochondrial  activity is  decreased, suggesting that  







I orally administered leucine to WT and PGC-1α KO mice,  after  
which the phosphorylation of 4EBP in the skeletal  muscle and l iver was 
examined. In WT mice,  consistent  with the previous reports (1,  2,  16),  
the phosphorylation of 4EBP, including the γ form, was increased in the 
skeletal  muscle (Fig.  2A, B).  In contrast ,  phospho-4EBP (γ form) level  
was markedly reduced in the skeletal  muscle of PGC-1α  KO mice (Fig.  
2A, B).  In the l iver,  leucine administrat ion increased phospho-4EBP level  
(γ form) both in both WT and PGC-1α KO mice (Fig.  2C, D).  Thus,  PGC-
1α is involved in leucine-mediated mTOR activation and possibly in  
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Enhanced exercise performance through the intake of branched chain 
amino acids requires PGC-1α in murine skeletal  muscles  
 
Introduction 
During endurance exercise,  the body consumes energy from many 
sources,  including carbohydrates,  fats,  and proteins (7).  Proteins are 
degraded to amino acids,  which are used as energy sources during 
exercise.  Leucine,  isoleucine,  and valine are collectively referred to as  
branched-chain amino acids (BCAA).  BCAA are oxidized in skeletal  
muscles and are important  energy sources during exercise (1,  7).  The first  
and second steps of the muscle BCAA degradation pathway are catalyzed 
by the branched-chain aminotransferase 2 (BCAT2) and branched-chain 
α-keto acid dehydrogenase (BCKDH), respectively (18).  BCAT2 
catalyzes the reversible transamination of BCAA into branched-chain α-
keto acids (BCKA).  BCKDH irreversibly catabolizes BCKAs into CoA 
compounds.  These cataboli tes then enter the TCA cycle for energy 
production. 
Peroxisome proliferator-activated receptor γ  coactivator 1α (PGC-
1α) is  a transcriptional  coactivator,  whose expression is  induced by 
exercise in the skeletal  muscle (11).  PGC-1α plays cri t ical  roles in the 
regulation of  mitochondrial  content  and function. PGC-1α also induces 
the upregulation of  fat ty acid oxidation and oxidative phosphorylation 
(11, 19).  Tadaishi  et  al .  have reported that  transgenic mice 
overexpressing skeletal  muscle PGC-1α (PGC-1α Tg) displayed increased 
running capacity during a treadmill  experiment with a concomitant 
increase in mitochondria and fatty acid oxidation (19).  Addit ionally,  
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Hatazawa et  al .  found that  PGC-1α Tg mice demonstrated upregulated 
BCAT2 and BCKDH expressions in the skeletal  muscle (10).  BCAA levels  
in the skeletal  muscle and plasma were decreased in these mice,  
suggesting increased BCAA degradation in PGC-1α Tg (9,  10).  A recent  
study showed that  rats with high exercise capacity showed increased 
BCAA metabolism compared to those with low exercise capacity (15).  
Moreover,  in humans and rats,  BCAA administrat ion appears  to improve 
endurance exercise capacity (3-6,  13).  However,  the mechanisms by 
which BCAA improves exercise performance remain unclear.  
In this study, I examined whether increased PGC-1α-mediated 
BCAA degradation is  required for enhanced endurance exercise capacity 
after BCAA supplementation. 
 
Material  and Methods 
Animals 
Skeletal  muscle-specific PGC-1α knockout mice (PGC-1α KO)  
were generated as previously described (16, 17, 21).  PGC-1α KO mice 
(males) and age- and sex-matched wild-type (WT) l i t termate mice were 
maintained in a 12-h l ight/dark cycle at  24°C and fed a normal chow diet  
ad l ibitum  (AIN93G; Research Diet ,  New Jersey, USA). Food intake,  
body weight,  and voluntary wheel running were measured daily.  Mice 
were cared for in  accordance with the Nat ional Insti tutes of Health Guide 
for the Care and Use of Laboratory Animals and my insti tutional 
guidelines.  All  animal experiments were conducted with the approval of  
the Insti tutional  Animal Care and Use Committee of Kyoto Prefectural  





Exercise protocol  
WT and PGC-1 KO mice were housed individually in cages  
equipped with a voluntary running wheel (diameter 200 mm, width 20 
mm) for 3 weeks of voluntary training. The mice were administered either  
saline or BCAA [0.15-mg/g body weight;  LIVACT (46% leucine,  28% 
valine,  and 23% isoleucine),  Ajinomoto, Tokyo, Japan] 30 min before the 
exercise tolerance test .  The exercise capacity was determined based on a 
previously described exercise tolerance test  with sl ight modifications (8).  
Mice were subjected to a running test  on a treadmill .  The mice were then 
challenged with a 10% uphil l  run start ing at  10 m/min for  5 min. The 
speed was increased by 2 m/min in 2-min increments,  up to a maximum 
speed of  30 m/min. The exhaustion was indicated by a mouse remaining 
on the shocker plate for over 20 sec.  Then, al l  mice were again housed 
individually in cages  equipped with a voluntary running wheel  for  6 days.  
Mice were sacrificed after saline or BCAA administrat ion 30 min prior 
to the running session at  20 m/min for 25 min.  
 
Quantitat ive real-t ime RT-PCR analysis  
Total  RNA was prepared using Sepasol-RNA I Super G (Nakalai  
Tesque, Kyoto,  Japan).  cDNA was synthesized from 500 ng of  total  RNA, 
using the ReverTra Ace qPCR RT Master Mix with gDNA Remover 
(Toyobo, Osaka, Japan).  Gene expression levels were measured as  
described previously (12).  mRNA levels were normalized to those of a  
housekeeping gene 36B4 mRNA. The following primers were used: 
PGC-1α Fw, 5 ′-CGGAAATCATATCCAACCAG-3′;  
PGC-1α Rv, 5 ′-TGAGGACCGCTAGCAAGTTTG-3′;   
BCAT2 Fw, 5 ′-CGGACCCTTCATTCGTCAGA-3′;   
BCAT2 Rv, 5 ′-CCATAGTTCCCCCCCAACTT-3′;   
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BCKDH Fw, 5 ′-CGGCAACGATGTGTTTGCTG-3′;   
BCKDH Rv, 5 ′-ATTGACCTCGTCCACCGAAC-3′;  and  
36B4 Fw, 5 ′-GGCCCTGCACTCTCGCTTTC-3′;   
36B4 Rv, 5 ′-TGCCAGGACGCGCTTGT-3′.  
 
Measurement of amino acid levels  
Samples of muscle t issue were homogenized in five volumes of  ice-
cold 5% sulfosalicyl ic acid.  After centrifugation at  20,400 × g  for 10 min 
at  4°C, the levels of  free amino acids in  the supernatant were measured 
by high performance l iquid chromatography assays (SRL, Tokyo, Japan).  
Blood free amino acids analyses were performed with l iquid 
chromatography-mass spectrometry by SRL. 
 
Statist ical  analysis  
Tukey-Kramer tests for multiple comparisons were performed to 
determine the signif icance of di fferences.  Data were expressed as the 
mean ± standard error (SE).  P value of <0.05 was considered s tat ist ically 
significant.  
 
Results and Discussion 
The abil i ty of mice (WT and PGC-1α KO) to tolerate a bout of 
exercise might be al tered by BCAA administrat ion. To examine this 
possibil i ty,  mice started to run on a treadmill  at  10 m/min and then the 
speed was increased by 2 m/min in 2-min increments up to a maximum 
speed of 30 m/min. The mice ran unti l  exhaustion, which is  defined as 
remaining on the shocker plate for more than 20 sec.  The exercise 
tolerance test  showed that  the running t ime in the WT saline-administered 
group (WT-Saline) was 21.4 ± 2.7 min, while that  in the WT BCAA-
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administered group (WT-BCAA) was 35.4 ± 5.1 min, indicating that  the 
BCAA supplement s ignificantly increased the exercise capacity (Figure 
1A). To my knowledge, this is  the first  report  of  a  BCAA-induced 
increase in the exercise capacity in mice.  In contrast ,  the exercise 
tolerance test  showed that  the running t imes were not increased by BCAA 
in PGC-1α  KO mice [PGC-1α  KO saline-administered group (KO-Saline);  
23.6 ± 3.9 min or the PGC-1α  KO BCAA-administered group (KO-
BCAA); 18.2 ± 1.6 min]  (Figure 1A). The trends observed with running 





Differences in food intake,  voluntary wheel running, and skeletal  
muscles mass were not significant between any group (Figure 2A, B and 
Table 1).  These results  indicated that  these parameters,  among 
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Further,  I performed real-t ime reverse transcriptase polymerase 
chain reaction (RT-PCR) analysis.  Muscle PGC-1α mRNA levels in PGC-
1α  KO mice were less compared with those in WT mice (Figure 3A).  
Muscle mRNA levels of the BCAA degradation enzymes, BCAT2 and 
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BCKDH, significant ly decreased in PGC-1α KO mice compared with 




Further,  I analyzed blood and muscle amino acid levels.  Blood 
leucine,  isoleucine,  and valine levels in the KO-BCAA group 
significantly increased compared with those in the KO-Saline group 
(Figure 4A, B, and C).  In contrast ,  a l though BCAA administrat ion 
possibly enhanced BCAA concentration in the WT-BCAA group, leucine,  
isoleucine,  and valine levels did not increase compared with those in the 
WT-Saline group (Figure 4A, B, and C),  suggesting that  administered 
BCAA was degraded in WT mice but not in PGC-1α  KO mice.  The trends 
observed with muscle BCAA levels were similar to those observed with 
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blood BCAA levels  (Figure 5A, B, and C).  Other amino acid levels  







In WT-BCAA group, I observed an increase in running t ime 
compared with that  in WT-Saline group (Figure 1A and B).  There are 
several  reports examining the effects of BCAA on exercise performance 
in rats;  however,  there are both reports that  BCAA increased (4,  5) and 
not increased (20) exercise capacity.  Calders et  al . ,  using pre-t rained rats  
that  received BCAA, demonstrated an increase in the running t ime on a 
treadmill  (4,  5).  In this study, I used pre-trained mice,  which were put in  
a wheel cage and trained voluntari ly for 3 weeks;  an increase in the 
running t ime was observed (Figure 1A and B).  On the other  hand, Verger 
et  al .  reported that  rats without pre-training did not demonstrate an 
increase in the exercise capacity after BCAA administrat ion (20).  In my 
results  with non-pre-trained mice,  I did not observe an increase in  the 
running t ime after BCAA administrat ion (data not shown).  Thus,  BCAA-
induced endurance exercise capacity may require pre-training of rodents.  
PGC-1α expression is  known to be increased in the skeletal  muscle by 
continuous exercise training (2,  7,  14).  Because increased PGC-1α 
enhances BCAA degradation enzyme levels (10),  i t  would be expected 
that  an increase in  PGC-1α levels induced by pre-training may be 
important  for BCAA-induced exercise capacity.  
In  conclusion, my data suggests that  BCAA-induced enhanced 
endurance performance requires PGC-1α in murine skeletal  muscles,  and 
PGC-1α-mediated BCAA degradation may contribute this process.  
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General discussion and Conclusion 
 
Liver is  an important  t issue for amino acid metabolism. Asparagine 
synthetase (AS) and 3-phosphoglycerate dehydrogenase (PHGDH) are 
required for the synthesis of asparagine and serine,  respectively,  which 
are essential  for growth. Low-protein diet  has been reported to increase 
the expression of AS and PHGDH in rat  l iver.  This increased expression 
of AS and PHGDH may be an adaptive response to amino acid deficiency.  
Furthermore,  i t  has been reported that  leucine supplementat ion lowered 
the amino acid deprivation-induced increase in AS expression in vitro.  
Therefore,  I examined whether excess amount of leucine decreased the 
expression of AS and PHGDH in the l iver of rats maintained on low-
protein diet .  Leucine supplementation in the diet  suppressed AS and 
PHGDH expression in the l iver.  I also observed decreased food intake 
and growth retardation. On the other  hand, oral  administrat ion of leucine 
by gavage after meal,  but  not dietary intake of leucine,  decreased the 
expression of AS and PHGDH without growth retardation and reduction 
in food intake.  These results  suggest  that  there is  no correlat ion between 
growth retardation caused by leucine and the decreased expression of AS 
and PHGDH and that  growth retardat ion is ,  in fact ,  at tr ibutable to 
decreased food intake.  
The vagal nerve mediates anorexigenic signals from the 
gastrointestinal  t ract  to the brain.  Therefore,  I performed a vagotomy to 
examine whether the anorectic effect  of excess leucine was mediated by 
the vagal nerve.  Food intake of normal rats maintained on a diet 
supplemented with leucine was reduced,  whereas only a sl ight decrease 
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was observed in the food intake of  vagotomized rats.  This shows that  the 
anorectic effect  of excess leucine is  mediated by the vagal nerve and that  
that  leucine directly or indirectly affects  the vagal nerve to suppress food 
intake.  
Leucine activates mammalian target  of rapamycin (mTOR), 
serine/threonine protein kinase,  and increases the phosphorylation of the 
eukaryotic init iat ion factor 4E-binding protein (4EBP), which acts 
downstream of mTOR. These actions promote protein translat ion. mTOR 
is known to form a complex with peroxisome proliferator-activated 
receptor-γ coactivator-1α (PGC-1α).  Therefore,  I examined the role of  
PGC-1α in leucine-activated mTOR (4EBP) signaling using mice with 
skeletal  muscle-specific knockout of PGC-1α  (PGC-1α  KO). Leucine 
administrat ion resulted in marked increase in the phospho-4EBP level  in  
the skeletal  muscles of  wild type mice (WT).  In contrast ,  4EBP 
phosphorylation did not increase in the skeletal  muscles of PGC-1α KO 
mice following leucine administrat ion.  This result  suggests that  PGC-1α 
is  involved in leucine-mediated mTOR activation. 
Branched-chain amino acids (BCAA), such as leucine,  contribute 
to energy production in skeletal  muscles during exercise.  BCAA 
supplementation has been reported to improve endurance performance. It  
was observed that  transgenic mice overexpressing PGC-1α in  the skeletal  
muscle showed increased running capacity with concomitant upregulation 
in the expression of branched-chain aminotransferase 2 (BCAT2) and 
branched-chain α-keto acid dehydrogenase (BCKDH) and decrease in 
BCAA concentrations in the blood and muscle.  The mechanism 
underlying the enhancement of  endurance performance by BCAA 
supplementation is  not understood.  Therefore,  I investigated whether  
increased PGC-1α-mediated BCAA degradation is  required for enhanced 
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endurance exercise capacity after BCAA supplementation. BCAA 
significantly increased running t ime in WT mice.  However,  BCAA 
supplementation did not enhance endurance capacity in PGC-1α  KO. 
mRNA levels of  BCAT2 and BCKDH in the PGC-1α KO mice were 
significantly lower than those in WT mice.  Blood BCAA concentrations 
were higher in PGC-1α KO mice than in WT mice.  These data suggest  
that  PGC-1α is required for the BCAA-induced enhancement of endurance 
performance of murine skeletal  muscles and that  PGC-1α mediated BCAA 
degradation may contribute to this process.  
The above results  indicate that  BCAA, including leucine,  are 
physiologically active substances that  regulate biological  functions such 
as gene expression,  food intake,  protein translation, and endurance 
performance through various mechanisms. 
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